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CHEMICALS FROM COAL 

Howard R. Batchelder 

Battelle 'Memorial Institute, Columbus Laboratories 
Columbus, Ohio 

Introduction 

This paper is intended a s  a review up to 1962 of the history of chemicals 
from coal, the controlling influences in the past, and what may be expected in  
the future. The te rm "chemicals" covers primarily ammonia, the light aro- 
matics (benzene, toluene, and xylene), t a r  acids, t a r  bases and t a r  o r  pitch, 
gas, and coke. 

In the United States, these chemicals have been derived from coal 
almost exclusively through high-temperature byproduct carbonization. In 
England and in Europe, these and other chemicals have been obtained to some 
extent through various low-temperature carbonization processes and by coal 
hydrogenation in England and Germany for a few years.  
to t race the periodic efforts to  establish low-temperature carbonization in the 
United States. In no case did these result  in significant commercial  chemical 
production. 

No attempt will be made 

In this country, the production of coke was closely linked to  the demands 
of the iron and steel  industry. Up to the t ime of World War 11, in periods of 
high industrial activity with good markets for steel, coke-oven capacity and 
output increased and the coal chemicals were in good supply. When demand 
for steel  decreased, oven operation slowed down and the supply of chemicals 
fell  also. Markets for the chemicals other than coke were never strong enough 
to justify oven operation for these alone. 

In 1910, coke-making capacity amounted to about 70 million tons per 
year--substantially all  in beehive ovens with no chemicals recovery. Coal t a r  
derivatives were obtained primarily by importation from Germany. During and 
immediately after World War I with the German supplies cut off, the markets 
for chemicals obtainable from coal were strong enough to support the construc- 
tion of byproduct ovens and s t a r t  the displacement of beehive ovens. A t  the end 
of the war (1919), total carbonizing capacity had r isen to  97 million tons per  
year,  of which 407' was in byproduct ovens. At  no subsequent t ime did the total 
capacity increase above the 97 million tons, but by 1944 almost 90% of the total 
capacity was in byproduct ovens. 
in beehive ovens. 

In 1962, only 270 of the total  coke was produced 



W o r l d  War I1 brought imperative demands for toluene, ammonia, and 
other chemicals that could not be met by the coke plants. ' Petroleum and 
natural gas were used a s  r a w  materials, and since that time they have dominated. 
In a very rea l  sense, the e r a  of significance for chemicals from coal was the 
period from 1920 to 1940. 

Let us consider now some of the most important chemicals t o  see how 
the production from coal relates t o  the production from other raw materials. 

Ammonia 

The commercial synthesis of ammonia was well established by 1925, 

From that time, byproduct ammonia 
and by 1940 had reached a production rate twice a s  great a s  the ammonia 
recovered from byproduct operations. 
held i n  the neighborhood of 200,000 to  250,000 tons per year until 1957. During 
the next five years, it dropped to about 175,000 tons per year. 
of synthetic ammonia has doubled every five o r  six years  and by 1962 it had 
reached almost, 6 million tons per year. 

The production 

Figure 1 'shows the production rate for each. Figure 2 shows the by- 
product ammonia a s  a percentage of the total. 
3% of the total ammonia production in the United States. 

In 1962, this represented only 

Benzene 

Until 1950, benzene was obtained almost exclusively from the products 
of coal carbonization- -either scrubbed from the gas as  "light oil" o r  distilled 
from the t a r  stream. By 1940, production had risen from the depression lows 
to around 150 million gallons per year.  During the fifties it reached a peak of 
almost 200 million gallons per  year and has dropped significantly since. 
1950, petroleum benzene was included in the production statistics for the first 
time at 10 million gallons. 
Figure 3 shows the dramatic r i se  of this production and the relation to benzene 
derived from coal. Actually, much of the benzene formerly derived from coal 
would not be salable in today's market. It has been only by improved methods 
of recovery and purification that coke-oven benzene has been able to withstand 
the competition of petroleum-derived benzene a s  well a s  it has. 

In 

By 1962, this had risen to  418 million gallons. 

Most of the benzene produced has been used as intermediate in the 
manufacture of chemicals that have only come to significance since the time 
of World War 11. Styrene, cyclohexane, and phenol account for almost three- 
fourths of the benzene consumption. Since 1950, the  specific addition of benzene 
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to gasoline has been negligible in te rms  of the other uses.  
recovery of benzene from petroleum sources has been in response to a demand 
that did not exist in the ear l ier  days, but which is large enough s o  that benzene 
from coal could not have begun to satisfy it. 

Thus it is that the 

The economics of the production of benzene from petroleum sources 
determine the price at which benzene from coal can be sold. The coke-oven 
benzene production is more o r  less  fixed by the demands of the s teel  industry 
for coke. The benzene so produced must be sold, but the production from 
petroleum can be flexible and can respond in volume to the price situation. 

Toluene 

A s  the demands of the first world war led to the production of toluene 
from byproduct ovens, so  the greater demands of the second world war led to  
t h e  f irst  significant production from petroleum. During the whole history of 
coke-oven operation in the United States, the production of toluene from coal 
did not reach 50 million gallons per year.  During the war, the production of 
toluene from petroleum in only five years  rose from nothing to over 160 million 
gallons per year. A t  the end of the war, it dropped to less  than 10 million 
gallons, then started a climb that has not yet slowed down. Figure 4 shows the 
production from coal and from petroleum. 

The very dramatic rise during the war and sharp drop in 1946 a r e  
evidence of the flexibility of the supply from petroleum. 
that lets the coke-oven production set a floor under the price range and the 
petroleum supply set  a ceiling. 
material  wi l l  come into the market--to withdraw if the price declines. 

It is this flexibility 

A s  price increases, more and more petroleum 

Much of the toluene produced is used for the hydrodealkylation to  benzene, 
therefore a significant amount of benzene from petroleum is via toluene. Motor 
gasoline, solvents, and aviation gasoline a r e  other major uses, and it is probably 
in these markets that most of the toluene from coal is used. 

Xylenes from coal have not been of great importance in the past. During 
the fifties, production rose to  above 10 million gallons per year  for seven years ,  
after which it dropped. 
from petroleum. 
This dropped after the.war, but in 1948 started an increase that carr ied production 
to almost 350 million gallons in 1962. 

PriQr to World War I1 there was no significant production 
In 1944, almost 50 million gallons was recovered from petroleum. 
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This is shown in Figure 5. A substantial part of the production is 
separated into the i somers  for  production of phthallic anhydride, isophthallic 
and terephthallic acids. 

Phenol 

The synthesis of phenol was established as a commercial practice 
many years  ago, and by 1940 the synthetic production already amounted to 
three o r  four times the amount recovered from coke-oven operations. 
from coal stayed in the range of 2 t o  3 million gallons per year until 1955 when 
it rose to 4 to 6 million gallons. 
from about 8 million gallons in 1940 to over 80 million gallons in 1962. 

Phenol 

Synthetic phenol has increased rather steadily 

These a r e  shown in Figure 6. 

Naphthalene 

Coke-oven operations have been the primary o r  exclusive source of 
naphthalene through substantially all  of the period under consideration. However, 
some naphthalene was made from petroleum by hydrodealkylation in 1961, and 
by 1964 this accounted for over 40% of the total production. It has been estimated 
that the maximum amount available from coal tar would be approximately 650  
million pounds per  year. The total 1964 production (including petronaphthalene) 
was 740 million pounds. Obviously, future increases in naphthalene supply will 
necessarily be of petroleum origin. 

T a r  Bases 

Of the ta r  bases,  pyridine until the middle fifties was available only 
from coal t a r ,  a s  were some of the homologs. The production of synthetic 
pyridine, the picolenes, and others has made for a more stable market .and 
may in the future lead to the development of more widespread uses. 
estimated that the present synthetic pyridine capacity is adequate to supply the 
total demand. It s eems  evident that, if the consumption of pyridine and other 
bases expands, synthetic material  w i l l  supply this increase-,-not increased 
production from coal carbonization. 

It is 
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Coke-Oven Gas 

A t  one period, gas was a significant byproduct of coal carbonization, 
too valuable to be used in underfiring the ovens. 
gas were used for  underfiring to make the coke-oven gas available for sale. 
addition, a significant amount of coke was consumed in the manufacture of 
carburetted water gas and water gas for ammonia synthesis. 

Blast furnace gas and producer 
In 

The increa’sed availability of natural gas has substantially eliminated 
both of these so that coke-oven gas now finds its principal use a s  a captive 
plant fuel. Under any normal circumstances, it seems certain that future 
increases in fuel needs wi l l  be supplied by methane whether of natural origin 
o r  synthesized. 

Coke - 

Coke itself, the primary product of carbonization, has experienced 
also the erosion of its markets by increased utilization of petroleum o r  natural 
gas. As stated above, coke for water gas production is no longer necessary to 
any extent. Even in the blast furnace, the use of oil o r  gas injection, together 
with other changes, has reduced the coke required per ton of iron. 
improvements in the blast furnace contributed to the reduction in coke rate, 
but the overall effect is striking. 

Many 

In 1962, 66 million.tons of pig iron were produced. At the average coke 
rate of 1920, this would have required over 68 million tons of coke. Actual 
coke usage in 1962 was only 46 million tons--a difference of 22 million tons. 

Conclusions 

From the foregoing, it seems evident that chemicals from coke-oven 
operation--no matter how important to  that operation--cannot be expected to be 
a significant factor in the future. If chemicals from coal a r e  to be important, 
they must be derived from some other means of coal conversion on a massive 
scale. 

Work to be reported in this symposium may lead to  the establishment 
of an industry for the conversion of coal to products such a s  liquid fuels o n  a 
major scale. In that case, the simultaneous production of various chemicals 
may be of a magnitude to challenge the dominance of petroleum and natural gas, 
and the income from chemicals production may be a significant part  of the 
economic justification of such plants 
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In making the economic calculations, it must be remembered that in 

plant, presumably, will not have this freedom, and the projected chemicals 

1 

1 many cases t h e  production of chemicals from petroleum is very flexible, with 
freedom to enter or withdraw from markets a s  prices fluctuate. The coal 

income must not be calculated on the basis of a price higher than that which 
wi l l  induce the first  petroleum competition into the market. 
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EFFECT OF COAL RANK ON COMPOSITION OF 
LOW-TEMPERATURE TAR FROM A BENCH-SCALE 

FIXED - BED CAR BONIZ ER 

Joseph R.  Comberiati ,  Clarence Karr ,  J r . ,  Edward E.  Childers,  
Jesse 0. Mapstone, J r . ,  and Patr ic ia  A .  Estep 

U. S. Department of the Interior,  Bureau of Mines, 
Morgantown Coal Research Center,  Morgantown, W. Va. 26505 

The Morgantown Coal Research Center of the U.S .  Bureau of Mines h a s  
conducted an extensive r e s e a r c h  program on the effect  of changing carbonization 
conditions on the detailed composition of low-temperature coal t a r s .  Previous 
publications on the influence of carbonization temperatur,e, c a r r i e r  gas ,  and c a r -  
bonization method have been presented for 10 different low-temperature t a r s  pro- 
duced from a Colorado subbituminous coal (i, &), and for  5 different low- 
temperature  ta rs  produced f rom a Pittsburgh- seam high-volatile A bituminous 
coal (2). 

This report .concerns the tars produced in an iner t  atmosphere a t  500" C in 
fixed beds f rom seven different coals  representing major  ranks of humic coals and 
cannel coals .  Analyses were  made for the amounts of about 100 compounds, and 
for several  c lasses  of compounds, in  each t a r  and i ts  corresponding light oil,  in 
t e r m s  of the coal a s  it would be charged in a commercial  process .  

The purpose of this study was to obtain enough detailed information on the 
amounts of compounds of commerc ia l  interest  to make an economic evaluation and 
comparison of the product t a r s  and light oils f rom coals of various rank, carbonized 
under the same conditions. 
regard to previous resul ts  with commercially feasible processes  such a s  fluidized- 
bed o r  entrained-bed methods.  

These relative effects of coal rank a r e  also usable in 

V e r y  little research  has  been done on  the variation of the detailed composi- 
Recently Maher carbonized two different Australian tion of t a r s  due to coal rank. 

coals  (82 and 89 percent carbon) in a static-bed re tor t  a t  500" C (2). Numerical 
quantitative results were presented for the products from only one of these coals 
under these conditions, however. Even so,  he could draw a few conclusions, 
mainly that the proportion of aromatic constituents was greater  with the higher 
rank of coal. 

EXPERIMENTAL 

The seven different coals  used in this work a r e  described in Table 1. Samples 
sieved from 8 to 42 mesh  were used to charge the carbonizer.  

The carbonizer and product collecting system a r e  shown in Figure 1. The 
carbonizer  consisted of a vertical. 4 3 - i n .  hinged b i h ~ ~ l a r  f u r m c e  (4 ,  540 watts,  230 
volts)  holding a 62-in. by 2-in. OD Vycor tubing reactor .  The tubing in turn held 
a 36-111. long thimble, constructed from fine mesh s ta inless-s teel  sc reen  and . 
designed to give an  approximately 1/4-in.  annular space with the Vycor tubing. 
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Caking coals swelled sufficiently to block the passage of gas  through the 
annular space,  so for these coals the inside of the thimble was lined with pure 
silica sea sand that had been washed and ignited, and filled with a co re  of coal. 
This sand lining was made by inserting a 1-in. ID glass tubing to the bottom of the 
thimble, placing a 1/4-in. Vycor thermocouple well inside the g l a s s  tubing, and 
adding sand, of particle size retained by a 42-mesh screen,  to the space between 
the thimble and the glass  tubing to a depth of about 6 in. 
through the glass tubing while the tubing was gradually pulled up so that the coal 
level was always about 1 in. above the bottom of the tubing. 
sand levels were about equal the tubing was tapped gently with a rubber mallet  to 
settle the particles,  and the addition of sand and coal then repeated until the 
thimble was essentially full. 

Coal was then added 

When the coal and 

The inside thermocouple well held four chromel-alumel thermocouples 
(TC 5 through TC 8)  for determining the temperature of the coal. 
thermocouple well, which was inserted between the thimble and the reactor tubing, 
held four thermocouples (TC 1 through TC 4) ,  for determining the powerstat set-  
tings for the four independent heating,elements, which consisted of 6-in. sections 
at the top and bottom of the furnace,  and two 14-3/4-in. sections in the central  
portion. 
tu re  throughout the length of the coal bed. 

The outside 

A sectioned furnace was required in o rde r  to maintain the same tempera- 

A t a r - r ece ive r ,  consisting of a pot with side arm, was attached to the bot- 
tom of the Vycor reactor  tubing via a large standard taper joint containing a Teflon 
sleeve. 
No. 3 with Dry Ice and trichlorethane, all connecting, tapered joints having Teflon 
sleeves. A column filled with 3- to 8-mesh silica ge l  was used to  recover t races  
of nongaseous product escaping the t raps ,  followed by a manometer  to show that ' 

the system was under slight positive p re s su re ,  and a g a s  washing bottle to indicate 
gas  flow. 

The No. 1 t r ap  was cooled with ice,  No. 2 with powdered Dry Ice, and 

Coal charges were about 270 g for the cannel coals,  300 g fo r  the bituminous 
coals,  and 560 g for the subbituminous and lignite coals. No sand was used with 
the latter two in o rde r  to obtain enough t a r  for the assay.  The entire system was 
purged thoroughly with nitrogen, via the nitrogen inlet tube, before each run, and 
a small, steady s t r eam of nitrogen was used throughout the run. 
bottle was used to confirm the flow of g a s .  
500" C ,  about 40 minutes being required to reach this temperature.  
run was continued a t  500" C for about 20 minutes,  and then the furnace was turned 
off because the evolution of yellow aerosol had ceased. 
received in the pot, while progressively smaller  amounts of tar, light oil,  and 
water were in the three t r aps .  

The gas washing 
Each run was made at a maximum of 

Usually the 

Most of the tar was 

The contents of the pot and t r aps  were combined, and the water  was removed 
and measured by azeotropic distillation in a Stark and Dean apparatus,  using the 
light oil in the product for  the c a r r i e r .  
t a r  as a single fraction boiling up to 160" C ,  and extracted with 10-percent aqueous 
potassium hydroxide solution to remove any t r ace  of phenols and water that may 
have been taken over as an azeotrope. 
and c l a s ses  of compounds in the t a r s  and light oils were made according to a 
Bureau of Mines procedure (1) based primarily on liquid and g a s  chromatography. 
An abridged outline of this procedure has  been given (2) and additional information 
presented (A). 

The light oil  was then separated from the 

The analyses for the individual compounds 
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RESULTS AND DISCUSSION 

The yields of individual light oil constituents in pounds per ton of dry coal 
a r e  shown for  the seven different coals in Table 11. 
oil compound classes  a r e  shown in Figure 2 ,  in which the unidentified individual 
constituents consist a lmost  entirely of nonaromatics such a s  branched-chain and 
cyclic aliphatics. 
benzene aromatics  a r e  theor.etically possible, and these a r e  all readily identifiable. 

The yields of the major  light 

Because of the low boiling range of this light oil,  only a few 

As shown in Table 11, some of the major  aromatic  constituents, such a s  ben- 
zene, toluene, and m-xylene, appear to have a general ,  if not completely consis- 
tent, decline in yield with decrease in rank of the normal  coals ,  although the trend 
for  total aromatics  is  not a s  c lear .  
seven coals is  m-xylene, i n  the direction of thermodynamic equilibrium. 
most  striking features of Figure 2 a r e  the high yields of,light oil f rom both cannel 
coals ,  due pr imari ly  to straight-chain aliphatics, and the large difference in 
yields of light o i l  f rom Pittsburgh coal f rom two different locations in the seam. 
The lower yield of 11.40 pounds per ton of coal f rom Marion County compared to 
Arkwright coal is in agreement  with the 11. 20 pounds previously obtained from 
this same coal in an externally heated 4-in. diameter entrained-bed carbonizer at 
538" C (2). and hence cannot necessarily be ascr ibed to losses .  

The predominant xylene isomer from all 
The 

Table 111 and.Figure 3 show the yields in pounds per  ton of dry  coal of the 
fundamental fractions of the total t a r ,  obtained by solvent extractions. The most 
prominent feature is the ex t r a  high yields of ta r  f rom the cannel coals ,  due to the 
neutral  oils. 
burgh coal from the two different locations in the seam, the Arkwright, coal again 

There was a significant difference in the yields of t a r  f rom Pitts- 

' giving the higher yield. 

Tables IV and V and Figure  4 show the total t a r  acids and total purified tar  
bases  in  pounds per  ton of d ry  coal. The two points emphasized by Figure 4 a r e  
the much lower yields of tar bases  compared with tar  acids for a l l  coals,  and the 
clear ly  defined decline in yield of total t a r  acids with decrease in rank of the nor- 
mal  coals .  
indicate any particular t rend with rank; the total c reso ls ,  for example, did not 
vary greatly for the five normal  coals. Also, Table V shows that the five lowest 
boiling phenols totaled about 5 o r  6 pounds per  ton of each of these five normal 
coals .  
all seven coals is 2,4-xylenol,  in the direction of thermodynamic equilibrium (2). 

Figure 5 ,  which shows the low-boiling phenols by c lasses ,  does not 

Table V also shows that the most  prevalent of the six xylenol i somers  from 

Table IV shows that highly alkylated quinolines, such a s  2,4-dimethylquinoline 
which i s  the most prevalent i somer ,  make up the bulk of the distillable ta r  bases.  
The amounts of pyridines w e r e  too small  to see by gas-liquid chromatography of 
the total purified ta r  bases .  In a previous detailed analysis of the t a r  bases from' 
a 500 '  C fluidized-bed carbonization of Arkwright mine coal ( S ) ,  just eight indi- 
vidual alkylated quinolines, especially those alkylated'in the 2-  and 4- positions, 
made up fully one-fourth of the total distillable t a r  bases .  

Table VI and Figure 6 show the yields, in pounds per  ton of dry coal, of the 
' major  c l a s ses  of compounds making up the high-quality neutral  oil, which is  an 

essentially color less  oi l  containing a l l  the aliphatics (paraffins and olefins) and 
dinuclear aromatics (naphthalenes and biphenyls) f rom the entire t a r ,  there having 
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! been no separations by distillation in the recovery of this mater ia l :  The "other 

paraffins" and "other olefins" in Table VI consist of the 2-methylalkanes, branched 
&-olefins,  and t rans- internal  olefins determined by quantitative infrared analysis. 
The "not identified" aromatics  in F.igure 6 include the C12 and C13 biphenyls, 
which were identified a s  such, higher alkylated biphenyls, and a variety of com- 
pounds containing five-membered rings,  such a s  dibenzofurans. In a previous 
detailed analysis of the neutral  oils from the 500' C fluidized-bed carbonization 
of Arkwright mine coax (a), a total of nine different c lasses  of polycyclic com- 

\ 
! 

. . 

\ pounds containing five-membered rings was found. 
4 

i 
The most  obvious feature shown in Figure 6 is  the extra  la rge  yield of high- 

quality neutral oils for both cannel coals,  due to every c lass  of compounds except 
naphthalenes. 
decrease in rank of the normal coals, excluding the subbituminous coal. 

Table VI shows a definite increase in yield of total olefins with 
However, 

I when th i s  same subbituminous coal was carbonized at  500" C in an externally heated 
entrained-bed, the yield of total olefins was 15.9 pounds,per ton of dry  coal (2); , 
which is  consistent with the t rend mentioned above. 
range of about 4 to 11 pounds per  ton of dry  coal for  the seven different coals. 
This is compared with the approximately 6 pounds of naphthalene itself obtained 
from the average coke oven t a r .  

Total naphthalenes fell  in the 

Naphthalene itself is  quite low 111 a l l  the low-temperature t a r s ,  as shown in 
Figure 7 ,  varying from about 0.04 to 0.85 pound per  ton of dry  coal. 
of alkylnaphthalenes, determined by ultraviolet spectroscopy, r an  as high as 

The c lasses  

i 

I 

pentamethyl for all seven coals.  Figure 7 shows that there  was a definite decline 
in yield of total naphthalenes with decrease in rank of the normal  coals.  Table VU 
shows that for six of the seven t a r s  there was substantially m o r e  2-methyl than 
1 -methylnaphthalene, in the direction of thermodynamic equilibrium at 500 c. 
The ratio of 2-methyl to 1-methyl for the Arkwright mine coal was 58 to 42, in 
excellent agreement with the ratio of 57 to 43 for this same coal  carbonized a t  

, 
I 

, 500" C in a fluidized bed (6). 

Figure 8 shows, again, that the yields of aliphatic hydrocarbons from both 
cannel coals a r e  exceptionally high compared with the normal o r  humic coals. 
yields of "other olefins" alone, which constitute the f i -  and branched olefins, a r e  
grea te r  for each cannel coal than the 
The "other paraffins" a r e  largely 2-methylalkanes, with l e s s e r  amounts of other 
branched paraffins. 
individual compounds is shown in Table VIII. 
pounds making the highest contributions to the total straight-chain fraction from 
each t a r ,  these increase from about C17 to C24 n-paraffins with decreasing rank 
for the first four normal coals.  
t a r  a r e  olefins, namely 1-heneicosene (C2 l )  and 1-docosene (C22). No aliphatic 
hydrocarbons higher than C36 were detected. 

The 

aliphatics for each of the normal  coals. 

The breakdown of the straight-chain paraffins and olefins into 
Considering the two individual com- 

However, the two highest compounds in the lignite 

Although, a s  indicated, there a r e  some discernible t rends according to rank 
? within the humic coals,  the most  obvious differences a r e  between the humic and 

cannel coals.  The cannel coals  gave ex t ra  la rge  yields of paraffins, olefins, and 
other nonaromatic neutral oil constituents, reflecting the greatly different struc- 
tu re  of these coals,  which a r e  in the sapropelic deposit s e r i e s  ra ther  than the 
normal  o r  humic coal se r ies .  Cannel, o r  "candle" coals  because of their ready 
combustibility. are generally made up of the highly "oily" o r  "waxy" degradation 



104 
products of microscopic plant and animal life, such as algae, spores  o r  pollen 
gra ins ,  sporophylls, and plankton (z). 
generally produce oil shale. 
g rea te r  than about 1. 0, s imilar  to oi l  shales,  even though the weight-percent car -  
bon can be a s  high a s  that for a high rank bituminous coal in the ASTM classification 
of humic coals by rank (I). 

Such organic remains when mixed with mud 
The atomic C-H ratio of cannel coals is generally not 

CONCLUSIONS 

1. There was some evidence of dependence of yield on rank within the humic 
coals.  F o r  example, benzene, toluene, and m-xylene yields generally declined 
with decrease in rank; yields of total  naphthalenes clear ly  decreased with decrease 
in rank; yields of total t a r  acids definitely declined with decrease in rank, although 
the five lowest boiling phenols totaled about 5 o r  6 pounds per  ton for all five nor- 
m a l  coals;  and there was a n  increase in yield of total olefins with decrease in rank. 

2 .  The cannel coals,  which a r e  sapropelic ra ther  than normal o r  humic 
coals ,  gave extra large yields of paraffins,  olefins, and other nonaromatic neutral  
oil  and light oil constituents, reflecting the greatly different s t ructure  of these 
coals.  F o r  example, the yield of total  straight-chain paraffins and olefins in the 
carbon number range Cg through C36 from both cannel coals was around 113 pounds 
per  ton of dry coal. 

3. High volatile A bituminous coals f rom different locations in the Pittsburgh 
F o r  example, the Arkwright mine coal gave seam gave distinctly different resul ts .  

higher yields of both light oi l  and t a r  than did Consolidation No. 9 mine coal. 

4. Total naphthalenes, which included alkylation a s  high a s  pentamethyl for 
a l l  seven coals, fell in the range of about 4 to 11 pounds per  ton for all the coals. 
Highly alkylated quinolines made up the bulk of &e distillable t a r  bases  from all 
seven coals.  

5. There was some evidence of a par t ia l  approach to thermodynamic equili- 
brium for the products f rom a l l  seven coals. 
isomer was m-xylene; the m o s t  prevalent of the six xylenol i somers  was 2,4- 
xylenol; 2,4-dimethylquinoline was present  in the largest  amounts; and there was 
more  2-methylnaphthalene than 1 -methylnaphthalene. 

For example, the predominant xylene 
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Table 11. - Light Oils 

Pounds per  ton of dry coal 
Compound BA BC BS SBE LS CIC CL 

Allphatics 

n-Pentane I 

1 -Pentene 1 

n-Hexane 

1 -Hexene 

n-Heptane 

1 -Heptene 

n-Oc tane 

1 -0ctene 

n-Nonane 

1 -Nonene 

n- Decane 

1 -Decene 

Total 

) 

Aromatics 

Benzene 

Toluene 

Ethylbenzene 

p-Xylene 

m-Xylene 

o-Xylene 

Isopropylbenzene 

n- Propylbenzene 

p- Ethyltoluene 

m-Ethyltoluene 

1,3,5-Trimethylbenzene 

0-Ethyltoluene 

Total 

Total light oils 

\ 

0.20 

0.61 

0. 31 

0.81 

0.61 

1.12 

0.71 

1.32 

0.81 

0 .81  

0.20 

7.51 

1 .63  

7.95 

1.22 

1.83 

4.89 

1.94 

0. 20 

0.20 

2. 14 

0. 51 

0. 20 

22.71 

40.77 

0. 08 

0.23 

0. 13 

0. 41 

0. 38 

0. 36 

0. 23 

0. 19 

0. 10 

0. 07 

0. 03 

2. 21 

1. 03 

2. 88 

0. 31 

0.34 

1.00 

0.34 

---- 
0. 3 1  

0.17 

0. 06 

0. 03 

6. 19 

11.40 

0. 06 

0. 30 

0.23 

0. 66 

0.49 

0.73 

0.47 

0. 53 

0. 41 

0. 26 

0.13 

4. 27 

0.83 

2.99 

0.43 

0.58 

1.11 

0.58 

- - - -  
- -_ -  

0.36 

0. 09 

0. 04 

7 . 0 1  

12.80 

---- 

0. 06 

0. 03 

0. 19 

0. 13 

0. 25 

0. 14 

0.32 

0. 16 

0. 22 

0. 08 

1.58 

0. 40 

2.02 

0. 42 

0.38 

0.90 

0.52 

- -_ -  
0 .  l o  

0. 32 

0.04 

0.08 

5.18 

8. 40 

0. 66 

0. 56 

0. 54 

0.58 

0.54 

0.54 

0. 41 

0.46 

0.24 

0.19 

0.12 

4.84 

1.44 

2.53 

0.32 

0. 17 

0.71 

0. 32 

- - - -  
- - - -  

0. 07 

- - - -  
- - - -  

5. 56 

13.40 

3. 39 

6. 63 

6. 09 

6. 39 

6. 09 

5. 54 

4. 70 

2. 08 

2. 00 

0. 23 

0. 15 

43.  29 

2. 16 

4. 62 

0.62 

0.31 

0.77 

0.46 

- - - -  
- - - -  

- - - -  

- - - -  
- - - -  

8. 94 

61.60 

2.89 

4.82 

4. 34 

6. 51 

2.89 

3. 86 

3. 13. 

1.21 

0. 96 

0. 24 

0. 12 

30.97 

2. 89 

4.82 . 

0.48 

0. 24 

0. 72 

0. 24 

- - - -  
- - - -  

__ - -  
9.39 

48.20 

b 
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T a b l e  V. - Low-Boil ing T a r  A c i d s  

P o u n d s  p e r  t on  of d r y  c o a l  
Compound  BA BC BS S B E  Ls c IC CL 

P h e n o l  

0 - C  r e  so l  

2 ,  6 -Xylenol  

p- C re sol 

m -C r e  s o l  

T o t a l  

o -Ethylphenol  . 

2, 4-Xylenol  

2 ,  5-Xylenol  

2 ,  4 . 6 - T r i m e t h y l p h e n o l  

2,  3-Xylenol  

p-Ethylphenol  

2 ,  3 , 6 - T r i m e t h y l p h e n o l  

m - E t h y l p h e n o l  

3 ,  5 -Xylenol  

2 - n -  P r o p y l p h e n o l  

3 ,  4 -Xylenol  

T o t a l  

To ta l  t a r  a c i d s  

0 . 8 3  

1 . 9 0  

0. 58  

1 . 0 0  

1 .  6 5  

5. 96  

0. 48  

1.  24 

0 . 9 7  

0. 27 

0 . 1 2  

0. 19 

0 . 1 0  

0 . 2 2  

0. 15  

0 . 1 2  

0 . 1 2  

3. 9 8  

58. 35 

1. 03 

1. 8 4  

0 . 6 1  

1. 03 

2. 04 

6.  55 

0 . 5 4  

1 . 5 3  

1 . 1 2  

0 . 3 5  

0 . 2 0  

0.11 

0. 23 

0. 24 

0. 29 

0 .17  

0 . 0 6  

4. 8 4  

5 0 . 1 2  

0 .76  

1. 19 

0 .39  

0 .96  

1 . 4 3  

4 . 7 3  

0. 15 

0 . 8 4  

0.67 

0. 15 

0. 13 

0. 06 

0 .10  

0. 08 

0 . 1 1  

0.03 

0. 03 

2. 35 

4 4 . 7 4  

1. 07 

1 .01  

0 . 1 1  

1. 09 

1 . 6 5  

4 . 9 3  

0. 16 

0 . 4 5  

0. 4 2  

0. 0 3  

0. 09 

0. 09 

0. 07 

0. 09 

0 . 1 0  

0. 01 

0 .01  

1. 52  

32. 56 

1 . 7 3  

1.  25 

0. 17 

1. 39 

1 . 4 9  

6. 03 

0. 24 

0. 55  

0 . 4 5  

0. 07 

0. 21 

0. 31 

0. 17 

0. 28 

0. 24 

0. 03 

0. 10 

2. 65 

20. 31 

- - - -  
0. 42  

0. 42  

0. 27 

0. 31  

1. 42 

0. 46 

0. 8 4  

0. 69 

0. 52  

0 . 2 1  

0. 25 

0. 15  

0. 15  

0. 15  

0. 13  

0. 15  

3. 70  

1 8 . 1 3  

0. 41 

1 . 0 1  

0 .47  

0 . 6 8  

0. 58 

3. 15 

0 .33  

1. 42 

0. 64 

0 .41  

0. 19' 

0. 19 

0. 23 

0 . 2 1  

0. 16 

0. 08 

0. 08 

3 .94  

54. 13 
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Table VII. - Low-Boiling Naphthalenes and Biphenyls 

High-Quality Neut ra l  Oils, weight-percent 
Compound BA BC BS SBE LS CIC C L  

Naphthalene 

2- Methylnaphthalene 

1 -Methylnaphthalene 

Biphenyl 

1 ,  3-Dimethylnaphthalene 

2-  Ethylnaphthalene 

1 -Ethylnaphthalene' 

2.6-Dimethylnaphthalene 

2 , 7  -Dimethylnaphthalene 

1 ,  6-Dimethylnaphthalene 

1, 7-Dimethylnaphthalene 

1, 4-Dimethylnaphthalene 

1, 5-Dimethylnaphthalene 

1 ,  2-Dimethylnaphthalene 

2, 3 - Dimethylnaphthalene 

4-Methylbiphenyl 

3 -Methylbiphenyl 

1 .00  

1 .98  

1 .44  

0. oa 

0. 55 

1. 14 

1 .78  

0.71 

0. 32 

1. 07 

4. aa 

2.94 

0. 20 

0.44 

1. 30 

1. 64 

0. 52 

0. a i  

0. 05 

0. 13 

0. 14 

0 .12  

0. 54 

0. a8 

2.47 

1.85 

0.45 

0. 46 

1. 06 

0. aa 

0. 51 

0. 41 

0. 61 

1. 42 

0. 30 

0. 56 

0. 44 

0. 66 

0. 36 

0. 16 

0. 16 

0. 42 

0 .73  

0. 14 

0. 36 

0. 09 

0. 27 

0. 21 

0. 05 

0. 24 

0. 29 

0.43 

0. i a  

0. 11 

0. 04 

0.49 

0. 32 

0. 17 

0.28 

0. 32 

0. 45 

0. 22 

0. 19 

Pounds pe r  ton of dry coa l  

Naphthalenes (C lo  through C1 2) 7. 28 8. 09 4. 29 2. 19 .2. 70 5. 05 7 .06  

Biphenyls (C12 and C13) 0 .34  0 .64  0 .41  0. 34 0 . 4 8  0.47 1. 20 
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Table VIII. - Straight-chain Hydrocarbons 

To tal straight - c ha in mate rial , wt - pc t 

Compound BA BC BS SBE Ls c IC CL 

n- Undec ane 

1 -Undecene 

n-Dodecane 

1 -Dodecene 

n-Tridecane 

1 -Tridecene 

n- Tetradecane 

1 -Tetradecene 

n-  Pentadecane 

1 -Pentadecene 

n-Hexadecane 

1 -Hexadecene 

n-Heptadecane 

1 -Heptadecene 

n-Octadecane 

. 1 -0ctadecene 

n-  Nonadecane 

1 -Nonadecene 

n-Eico sane 

1 -Eicosene 

n- Hene ico sane 

0.71 

- - - -  

1. 88 

- - - -  

3.39 

1.34 

4. 64 

2. 05 

5.45 

2. 59 

5. 89 

2.95 

6. 16 

3.21 

6. 25 

3. 30 

5. 89 

3.21 

5.63 

3. 04 

5. 18 

_ _ - _  
- - - -  

0. 46 

0.39 

1. 70 

1. 32 

2.34 

2. 01 

3.33 

2. 64 

4. 03 

3.10 

4. 65 

3.64 

5.35 

3.95 

5. 50 

4. 03 

5.43 

3. 88 

5.35 

0. 42 

0.39 

1. 04 

0. 86 

1. 64 

1. 30 

2. 10 

1 .  61 

2. 49 

1.92 

2. 91 

2. 34 

3. 22 

2. 36 

3. 25 

2.47 

3.35 

2. 55 

3. 51 

2. 65 

3. 64 

0. 68 

0. 54 

1. 55 

1. 06 

2. 21 

1.44 

2. 56 

1. 72 

2. 80 

1.93 

2.96 

2. 12 

3. 27 

2. 33 

3.44 

2. 49 

3. 65 

2. 68 

3. 81 

2. 92 

4. 02 

- - - -  

0. 07 

0. 27 

0.97 

0.  85 

1. 64 

1.75 

2. 54 

2. 56 

3.37 

3. 19 

3. 69 

3.33 

4.00 

3. 42 

4. 13 

3.44 

4. 29 

3.44 

4. 45 

3.44 

1. 28 

0. 80 

2. 59 

1. 57 

3. 74 

2. 27 

4. 54 

2. 81 

5. 1 1  

3. 29 

5. 43 

3. 48 

5. 46 

3. 45 

5. 27 

3. 23 

4.95 

3. 07 

4. 54 

2. 78 

4. 09 

(Continued) 

0. 19 

0. 16 

0. 60 

0. 58 

1. 23 

1. 07 

2. 26 

1.95 

2. 88 

2. 51 

3. 42 

3.12 

3.74 

3. 30 

3. 88 

3.79 

4. 12 

3. 91 

4. 33 

4. 09 

4. 47 
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1 -Heneicosene 

n-Docosane 

1 - Docosene 

n- Tricosane 

1-Tricosene 

n- Tetracosane 

1 - Tetracosene 

n-Pentacosane 

I-Pentacosene . 

n- Hexaco sane ' 

1 -Hexacosene 

n- Heptaco sane 

1 -Heptacosene 

n-Oc tacosane 

1 - Oc taco sene 

n- Triacontane 

n- Dot r iac ontane 

n- Tetratriacoatane 

n-Hexatr iacontane 

17 4 

3.49 

4. 50 

3.02 

4. 1 1  

2. 71 

3.57 

2. 56 

2.79 

2.02 

1.94 

1.55 

1.39 

----_ 
1. 16 

- - - -  

0.93 

0. 70 

0. 46 

- - - -  

2.78 

3.84 

2.99 

3.97 

3.01 

4. 05 

3.06 

4.00 

2.99 

3.77 

2.80 

3.45 

2.57 

2.93 

2. 23 

2. 42 

1. 64 

1.01 

0.47 

3. 04 

4. 21 

3. 18 

4. 31 

3.22 

4. 28 

3. 13 

4. 16 

2.94 

3.65 

2.56 

.3. 18 

2. 05 

2. 26 

- - - -  
I. 81 

1.01 

0. 59 

0. 24 

4. 63 

3. 42 

4.72 

3. 39 

4.58 

3. 19 

4. 08 

2.70 

3. 30 

2. 16 

2. 43 

1.69 

1. 91 

0.90 

0. 85 

0. 65 

0.45 

0. 25 

0. 04 

2. 46 

3:64 

2. 20 

3. 23 

1.98 

2.78 

- - - -  
2. 33 

---- 
1.92 

- - - -  
1.56 

---- 
1. 25 

- - - -  
1.02 

0. 83 
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Pounds per ton of dry coal 
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Olefins 3. 17 2.65 8.00 4.81 10.88 23.47 37.92 

-t- i o i a i  straight 
chains 13.00 6.57 19.58 12.22 19. 13 70. 29 80.72 
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. Figure 1 .  - Schematic Diagram of Carbonizer and 
Collecting System. 
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Figure 3.  - Fract ions Obtained by Solvent Extraction. 
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Figure 7 .  - Totals of All Naphthalene Classes .  
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PARTIAL DECARBOXYLATION OF COAL AROMATIC ACIDS BY TRANSITION METAL COMPLEXES 

Sidney Friedman, Samuel Harr i s ,  and I rv ing  Wender 

P i t t sburgh  Coal Research Center ,  U. S .  Bureau of Mines, 
4800 Forbes Avenue, P i t t sburgh ,  Pa. 15213 
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INTRODUCTION 

Not too many years  ago, m s t  of our organic  chemical indus t ry  depended on coa l  
t a r  as a source of r a w  m a t e r i a l .  Today, petroleum serves  t h i s  r o l e ,  and 
r e l a t i v e l y  few chemicals are produced from c o a l .  I n  the  forseeable  f u t u r e ,  
t h i s  s i t u a t i o n  may be again reversed,  as petroleum becomes l e s s  a c c e s s i b l e .  
and the American energy companies turn t o  c o a l  a s  a source of l i q u i d  f u e l s  as 
wel l  as chemicals. 

One p o t e n t i a l  p repara t ion  of s p e c i f i c  chemicals, d i r e c t l y  from c o a l  or c o a l  t a r ,  
o r  from the  chars  and asphal tenes  produced during c o a l  l i q u e f a c t i o n ,  is  t h e  
r e s u l t  of a combination of  two s t e p s ,  one from t r a d i t i o n a l  c o a l  chemistry,  the 
o t h e r  from a novel r e a c t i o n  discovered a t  the Bureau of  Mines. This process  
a l lows  the  d i r e c t  conversion of c o a l  t o  a mixture of i s o p h t h a l i c  and t e r e p h t h a l i c  
a c i d s .  . 

EXPERIMENTAL PROCEDURES 

Prepara t ion  of Tributylphosphine Complexes of Dicobalt Octacarbonyl. - Addition 
of 2 moles of t r ibutylphosphine per  mole of Co2(C0)8 i n  petroleum e t h e r  results 
i n  evolu t ion  of carbon monoxide and p r e c i p i t a t i o n  of a yellow s o l i d ,  
C O ~ ( C O ) ~ - ~ P ( C ~ H ~ ) ~ ,  mp 120-121 (dec.) (from CH30H). This compound appears  t o  
be s t a b l e  to a i r  a t  room temperature when i n  c r y s t a l l i n e  form. When i n  so lu t ion .  
however, decomposition occurs  s lowly,  as evidenced by the  formation of a l i g h t  
brown p r e c i p i t a t e .  

A sample of t h i s  catalyst ,  s t o r e d  i n  a r e f r i g e r a t o r  f o r  6 months, exhib i ted  no 
decrease i n  c a t a l y t i c  a c t i v i t y .  

Conversion of C O ~ ( C O ) ~ - ~ P ( C ~ H ~ ) ~  t o  CO2(C0)6.2P(C4H9)3 (1) .  - A s o l u t i o n  of 
10 0. of yellow C O ~ ( C O ) ~ - ~ P ( C . $ H ~ ) ~  i n  110 m l .  of isooctane w a s  heated t o  r e f l u x  
(97 C) under a stream of n i t rogen  f o r  3 hours. 
t o  dark red-brown i n  c o l o r .  The hot s o l u t i o n  w a s  f i l t e r e d ,  and much of  t h e  
ro lvcnt  evaporated from t h e  f i l t r a t e  under ni t rogen.  
appeared upon cool ing.  
c02(co)6'2P(C&Hg)3, mp 120-12l0C. 

Decarboxylation of  Benzene Polycarboxylic Acids. - The procedure f o r  car ry ing  
out decarboxylat ions i s  i l l u s t r a t e d  by t h e  following example. 

A s o l u t i o n  of 5 g. of pyromel l i t i c  ac id  and 1 g. of C O ~ ( C O ) ~ - ~ P ( C ~ H ~ ) ~  i n  110 
m l .  of dioxane was heated t o  220' f o r  5 hours i n  a magnet ical ly  s t i r r e d  autoclave 
under an i n i t i a l  p ressure  of 2000 ps ig  of 1:l s y n t h e s i s  gas. The autoclave 
cooled t o  room temperature overnight  and was vented. 
removed and so lvent  evaporated under vacuum. 
s u f f i c i e n t  HC1 t o  convert  r e s u l t i n g  c o b a l t  salts t o  f r e e  a c i d s .  An a l i q u o t  was 

The s o l u t i o n  changed from yellow 

Red-brown crystals 
These were f i l t e r e d  o f f  t o  y i e l d  7.7 g. of  

The r e a c t i o n  mixture was 
The res idue  was treated wi th  



converted t o  t r i m g t h y l s i l y l  e s t e r s  (2 )  and analyzed by gas  chromatography on a 
6 f t .  by 118-inch-0.d. s t a i n l e s s  s t e e l  column packed with .3% SE-52* on 80-100 
mesh AW-DHCS Chrowsorb  G. 

DISCUSSION AND ReSULTS 

When c o a l  i s  c a r e f u l l y  a i r  oxidized i n  the  presence of a l k a l i ,  a mixture cons is t ing  
l a r g e l y  of aromatic a c i d s  i r  produced (3). This  m r k  w a s  o r i g i n a l l y  c a r r i e d  out  
t o  o b t a i n  product i n f o n s a t i o n  vhich could be u s e f u l  i n  deducing s t r u c t u r e  of c o a l .  
The product proved t o  be of s u f f i c i e n t  i n t e r e s t  i n  i t s e l f  f o r  a la rge  chemical 
company t o  do bench s c a l e  work on oxid iz ing  c o a l  t o  coa l  a c i d s  ( 4 , 5 ) .  
n a t e l y ,  t h e  mixed a c i d s ,  as obtained,  found no l a r g e  p a r k e t s ,  l a r g e l y  because 
of  the  complexity o f  t h e  product. Though c o a a r r c i a l i z a t i o n  d id  not occur ,  
i n t e r e s t  in coal  a c i d s  h a s  increased ,  and workers i n  l a b o r a t o r i e s  s c a t t e r e d  
around t h e  world have publ ished on t h i n  t o p i c  i n  recent  years  (6-10). Analyses 
of these fragmentary r e s u l t s  i n d i c a t e  t h a t  these coal a c i d  mixtures may contain 
up t o  95% (7)  benzencpolycarboxylic ac id  (BPCA), ranging a11 t h e  way from 
p h t h a l i c  a c i d  t o  m e l l i t i c  a c i d .  

I f  i t  were possible  t o  conver t  t h i s  complex mixture to one with but a few separable  
components, the o x i d a t i o n  of c o a l  and its d e r i v a t i v e s  might aga in  become promising. 
T h i s  second s t e p  In t h e  process ,  t h e  conversion of the  c o a l  a c i d s  to a simple 
mixture  r i c h  i n  i e o p h t h a l i c  and t e r e p h t h a l i c  a c i d r .  i r  now f e a s i b l e  a s  a r e s u l t  
of a r e a c t i o n  developed a t  t h e  Bureau of n i n e s  (11,12).  In t h i s  reac t ion ,  a 
s e l e c t i v e  decarboxylat ion of  BPCA is e f f e c t e d  by Co2(C0)8 and c e r t a i n  of i t s  
d e r i v a t i v e s .  

'Ihe r e a c t i o n  w a s  I n i t i a l l y  c a r r i e d  o u t  on anhydrides, r a t h e r  than a c i d s ,  and used 
Co2(C0)8 as a decarboxylat ion c a t a l y s t .  In a t y p i c a l  example, pyromel l i t i c  
anhydride i s  decarboxylated t o  i s o p h t h a l i c  a c i d  i n  9o I  y i e l d  a t  22OoC. 

Unfortu- 

0 0 

This  r e a c t i o n  is unique i n  t h a t  a p a r t i a l .  s e l e c t i v e  decarboxylat ion occurs .  
General ly ,  decarboxylat ions of aromatic  a c i d s  are non-specif ic  and d r a s t i c  (13- 
15) ,  the products  being t h e  parent  hydrocarbon. 

The r e a c t i o n  has  been a p p l i e d  t o  a number of benrenepolycarboxylic a c i d s  and 
anhydrides ,  with r e s u l t s  shown i n  t a b l e s  1 and 2. For decarboxylat ion t o  occur ,  
t h e r e  nust be 2 ad jacent  carboxyl groups, as i n  p h t h a l i c  ac id  or anhydride, only 
one of vhich is  e l imina ted .  In anhydrides, the carboxyl which i s  re ta ined  
predominantly ( 1 2 )  is t h e  one meta t o  a r i n g  s u b s t i t u e n t ,  such as  COOH, which . 
is  normally meta-d i rec t ing  i n  e l e c t r o p h i l i c  r u b s t i t u t i o n .  S imi la r ly ,  o r tho-  
para  d i r e c t i n g  groups ( 41 ,  C H 3 )  r e s u l t  i n  r e t e n t i o n  predominantly of a para 

Reference t o  a company o r  product name i s  made to  f a c i l i t a t e  understanding 
and does not imply endorsement by the U. S. Bureau of Mines. 
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carboxyl. These directional effects are not observed i f  the substituent is ortho 
to the two carboxyl groups, when apparently steric effects become important. 
When both ortho positions are occupied by large groups, as in 3,6-dimethylphthalic 
anhydride, no decarboxylation takes place. The free acids show less specificity 
than do the anhydrides. 
gives almost exclusively isophthalic acid, while pyromellitic acid goes to a 
2:l mixture of isophthalic and terephthalic acids. 

This is illustrated by pyromellitic anhydride, which 

TABLE 1. - Decarboxylation of benzenepolycarboxylic anhydrides 
with synthesis gas and Co2(CO)ga 

Quantity, Co2(C0)8 Product acid 
Anhydride mmoles moles or anhydride Yield, Z 

Ph tha licb 176 13 Benzoic 91 
Hemimellitic (1,2,3) 26 3 Benzoic 65 

Isophthalic 15 
Tr h e  1 lit ic (1,2,4) 26 6 Isophthalic - 100 
Pyromellitic (1,2,4,5) 23 12 Isophthalic 90 
Mellitic (1,2,3,4,5,6) 10 2 Me1 1 it ic 80 

~ ~ ~ ~~ ~ 

a Standard reaction conditions: 85 ml. toluene, 3500 psig 1 H2:l CO, 
5 hours at 200%. 
Solvent was 175 ml. toluene. 

TABLE 2. - Decarboxylation of benzenecarboxylic acids 
Quantity, Catalyst, 

Acid mnoles mmoles Product acid Yield, X 

Ph tha 1 ic 60 3a 

Hemime 11 it ic 25 1 9  

Hemime 1 lit ic 19 6a 

Trimesic (1,2,3) 25 1.5b 
Pyromel li tic 12 6C 

Pyrome llitic 25 1.5c 

Prehnitic (1,2,3,5) 8 3c 

Benzoic 
Benzoic 

Benzoic 

Trimesic 
Terephthalic 

Isophthalic 

Isophthalic 

Isophthalic 
Pyromellitic 

Terephthalic 
Isophthalic 

Terephthalic 
Isoph t ha 1 i c 
Trimesic 
Prehnit ic 

95 
40 
38 
56 
12 
90 
15 
30 
55 
35 
65 
4 
13 
25 
58 

a Reaction conditions: 
5 hours at 20OoC. 
Reaction conditione Co2(CO)7-2P(Cqi?g)3, 110 ml. dioxane, 2000 peig 
1 H2:l CO, 5 hourr at 220%. 
Reaction conditime: 
5 hours at 22OoC. I 

C02(C0)8, 85 ml. dioxane, 3500 psig 1 H2:l CO, 

C02(C0)8, 110 ml. dioxane, 2000 psig 1 H2:l CO, 
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In che decarboxylat ion of anhydrides ,  Co2(CO)8 func t ions  i n  c a t a l y t i c  amounts; 
t h e  same i s  t rue  f o r  p h t h a l i c  a c i d .  But i n  reac t ions  involving pyromel l i t i c  
a c i d ,  the Co2(CO)8 i s  consumed i n  the  course of  the  decarboxylat ion,  r e s u l t i n g  
i n  a mole of product per  mole of c02(c0)8. Since n e i t h e r  of  the  products of 
t h i s  r e a c t i o n ,  i s o p h t h a l i c  and t e r e p h t h a l i c  a c i d s ,  r e a c t  with Co2(C0)8 under 
normal decarboxylat ion c o n d i t i o n s ,  d e a c t i v a t i o n  of t h e  c a t a l y s t  must be the  
r e s u l t  of d i r e c t  r e a c t i o n  between i t  and pyromel l i t i c  acid.  

It has  been found t h a t  i f  one o r  two of the  carbon monoxide groups of Co2(CO)8 
a r e  s u b s t i t u t e d  by c e r t a i n  t e r t i a r y  phosphine l igands ,  t h e  r e s u l t i n g  complexes 
a r e  e x c e l l e n t  decarboxyla t ion  c a t a l y s t s  and are no longer  destroyed by pyro- 
m e l l i t i c  ac id .  
y l a t i v e  a c t i v i t y ,  t h e  complex formed by ethyldiphenylphosphine is  a n  a c t i v e  
c a t a l y s t ,  as is one from diethylphenylphosphine. Other phosphines which impart 
c a t a l y t i c  a c t i v i t y  are diphenylphosphinoethane and t h e  t r ia lkylphosphines:  
t r i e t h y l - ,  t r i p r o p y l - ,  t r i b u t y l - ,  t r i h e x y l - ,  t r icyclohexyl- ,  and t r i o c t y l -  
phosphine. 

The r e a c t i o n  of Co2(C0)8 w i t h  phosphines r e s u l t s  i n  two p r i n c i p a l  series of 
.complexes. A t  room temperature ,  o r  lower, the  usua l  product i s  t h e  r e s u l t  of  
l o s s  of one carbon monoxide and t h e  formation of  a yellow, i o n i c  c r y s t a l l i n e  
product  insoluble  i n  petroleum e t h e r  and so luble  i n  dioxane and acetone.  
complexes have the i o n i c  s t r u c t u r e  (16) 

Though t h e  complex with triphenylphosphine shows no decarbox- 

These 

CC~(CO 13 - ZPR~I+CC~ (~0143- . 
I f  these  complexes are hea ted ,  o r  i f  the  prepara t ion  i s  c a r r i e d  o u t  a t  e leva ted  
temperature ,  a second carbon monoxide is lost ,  and a non-ionic complex 
Co(C0)6*2PR3, i s  formed (1). 
s o l u b l e  i n  petroleum e t h e r .  

E i t h e r  s e r i e s  o f  complexes may be used f o r  decarboxylat ion.  While t h e  yellow 
salts  appear to be more s t a b l e  toward long term s torage ,  the  red-brown complexes 
are the  s t a b l e  ones a t  220° i n  t h e  r e a c t i o n ,  and are presumed t o  form i n  s i t u  
from t h e  yellow salts .  It is poss ib le  t o  form t h e  complexes themselves i n  s i t u ,  
though most of the work repor ted  here  was c a r r i e d  out  using preformed c a t a l y s t .  

Solvent  plays a c r i t i ca l  r o l e  i n  the  decarboxylat ion.  Many s o l v e n t s  are too 
r e a c t i v e  under the c o n d i t i o n s  used, r e a c t i n g  e i t h e r  by themselves (dimethyl- 
su l foxide ,  amines) or w i t h  t h e  a c i d s  o r  anhydrides  (amides, a lcohols ) .  
anhydrides  a r e  r e a d i l y  decarboxylated in  toluene,  a s  w e l l  as i n  o t h e r  s u i t a b l e ,  
i n e r t  solvents .  
acetone.  o r  methyl e t h y l  ketone.  
since i t  is  proposed as an e x t r a c t i o n  s o l v e n t  f o r  separa t ion  of the  coal a c i d s  (4). 

Severa l  complexes of o t h e r  t r a n s i t i o n  metals have been i n v e s t i g a t e d  as decarbox- 
y l a t i o n  c a t a l y s t s .  These inc lude  rhodium oxide,  i r o n  carbonyl and s e v e r a l  
phosphine d e r i v a t i v e s ,  manganese carbonyl ,  bis(tripheny1phosphino)palladium 
d i c h l o r i d e ,  and ch loro-  tris(tripheny1phosphino)rhodium. Each has been reported 
t o  show a c t i v i t y  i n  hydroformylation o r  carbonylation-decarbonylation reac t ions .  
Only rhodium oxide (presumably converted to a rhodium carbonyl)  has shown any 
a c t i v i t y  toward decarboxylat ion,  and t h a t  a c t i v i t y  was poor. 

The decarboxylat ion has  been appl i ed  t o  B E i z t u r e  nf zcide cbci ized  by oxldztior.  
of Coal ( 4 ) .  The r e s u l t s  of t h i s  decarboxylat ion a r e  shown i n  the  GC a n a l y s i s  
o f  t h e  a c i d s  before and a f t e r  the  r e a c t i o n  ( t a b l e  3). The i n i t i a l  mixture i s  
r i c h  i n  tri-,  tetra-, and pentacarboxyl ic  a c i d s ,  while the  product i s  mostly 

These complexes are red o r  red-brown and very 

The 

The a c i d s ,  being inso luble  i n  to luene ,  can be reac ted  i n  dioxane, 
This last  so lvent  is e s p e c i a l l y  convenient, 
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isophthalic and terephthalic acids. 
literature concerning both yields-and composition of coal acids, it is possible 
to speculate on a process that can turn a ton of coal into about 400 lb. of 
isophthalic and terephthalic acid with a value of five to ten times that of the 
original coal at today's market price. 

Using some of the data scattered in the 

TABLE 3. - Analysis of Coal acids 
Coal acids, weight percent 

Component Before decarboxylation After decarboxylation 

Benzoic 
Phthalic 
Isophthalic 
Terephthalic 
Hemimel li t ic 
Tr ime 1 1 it ic 
Trimesic 
Pyromel li tic 
Mellophanic (1,2,3,4) 
Prehnitic (1,2,3,5) 
Pentacarboxy lic 

. Mellisic 

Total . 

-- 
3.3 > 0.4 
2.8 
5.5 

10.1 
D- 

-- -- 
3.4 
Trace 

4 

10 
3 

Trace 

-- -- 
> 0.5 
Trace 
a 
a 

 ace 
Trace- ' 

25.5 17.5 

a Traces possibly present; not completely separated from pyromellitic acid. 

While the oxidation reaction has been applied only to coal and coke in the past, 
it is believed that other suitable aromatic sources can be used. These include 
coal tar, and the chars and asphaltenes currently being produced by the various 
coal liquefaction processes being investigated. A bench-scale unit to optimize 
yields of BFCA from various coals and chars is now in operation. 

As an alternative to decarboxylation of the total product, a portion of the 
pyromellitic acid present in the coal acids could be recovered by sublimation 
before decarboxylation. While this would decrease the overall yields of iso- 
phthalic and terephthalic acids, it would furnish a product with considerably 
higher value. 

coNcLusIoNs 

Controlled air oxidation of coal yields a mixture consisting largely of benzene- 
polycarboxylic acids. These acids can be partially and selectively decarboxylated 
to yield a product rich in isophthalic and terephthalic acid8 by means of catalysts 
derived from Coz(CO)8 by replacement of carbon mnoxide groups by certain tertiary 
phosphine ligands. 
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CARBON BLACK FEEDSTOCK 
FROM 

LOW TEMPERATURE CARBONIZATION TAR 

Donald C .  B e r k e b i l e ,  Harold N .  Hicks ,  and W. Sidney Green 

Ashland O i l  and R e f i n i n g  Company 
1409 Winchester  Avenue, Ashland, Kentucky 41101 

About t h r e e  y e a r s  ago Ashland O i l  and R e f i n i n g  Company manage- 
ment i n i t i a t e d  a modest c o a l  l i q u i d s  r e s e a r c h  program. This program 
was aimed a t  accumulat ing b a s i c  technology and a t  p r o v i d i n g  a b a s i s  
f o r  more e x t e n s i v e  s t u d i e s .  During t h e  e a r l y  s t a g e s  r e s e a r c h  con- 
s i s t e d  p r i m a r i l y  o f  l i t e r a t u r e  s u r v e y s  and sco 'ut ing exper iments .  I t  
w a s  conc luded  from t h i s  i n i t i a l  work tha t  l o w  tempera ture  carboniza-  
t i o n  (LTC) of c o a l  c o u l d  s u p p l y  coal l i q u i d s  a t  a t t r a c t i v e  v a l u e s  
when c o n s i d e r i n g  t h e  c u r r e n t  economic c o n d i t i o n s .  

D i s c u s s i o n s  w i t h  FMC C o r p o r a t i o n  e s t a b l i s h e d '  t h e i r  w i l l i n g n e s s  
t o  c o o p e r a t e  i n  s u p p l y i n g  t a r  from t h e i r  LTC-pilot p l a n t  f o r  e x p e r i -  
mental  work. The FMC u n i t  w a s  c o n s t r u c t e d  under  s p o n s o r s h i p  of t h e .  
O f f i c e  of  Coa.1 Research (OCR) . T h i s  p r o j e c t  is d e s i g n a t e d  as Char- 
Oil-Energy-Development and h a s  t h e  acronym of  COED. 

The COED p r o c e s s  u t i l i z e s  m u l t i p l e  s t a g e ,  f lud ized-bed  p y r o l y s i s  
w i t h  i n c r e a s i n g  s t a g e  t e m p e r a t u r e s  t o  d r i v e  o f f  t h e  v o l a t i l e  matter a t  
c o n t r o l l e d  rates and t empera tu - re s  so t h a t  a h i g h  p e r c e n t a g e  o f  t h e  
c o a l  is conver ted  t o  g a s  and condensable  o i l  p r o d u c t s .  Coal  is crushed  
and d r i e d  and f e d  t o  t h e  first s t a g e  v e s s e l ,  where it is f l u i d i z e d  i n  
h o t  r e c y c l e  g a s e s  g e n e r a t e d  from combust ion of some o f  t h e  product  g a s  
o r  c h a r .  The coal t h e n  proceeds  from t h e  first s t a g e ,  which is nomi- 
n a l l y  a t  600°F, t o  t h e  subsequent  s t a g e s  where i t  is s u b j e c t e d  t o ,  
i n c r e a s i n g  t e m p e r a t u r e s  of 850, 1000 and 1600OF. Heat f o r  t h e  second 
and t h i r d  s t a g e s  comes from burn ing  some of t h e  c h a r  w i t h  oxygen i n  
t h e  f o u r t h  s t a g e .  The g a s e s  from t h e  f o u r t h  s t a g e  f low c o u n t e r -  
c u r r e n t  t o  t h e  s o l i d s  through t h e  t h i r d  s t a g e  t o  t h e  second s t a g e ,  
from which m o s t  o f  the v o l a t i l e  p r o d u c t s  are c o l l e c t e d .  A s m a l l  per-  
c e n t a g e  o f  t h e  v o l a t i l e s  comes from t h e  first . s t a g e .  A s m a l l  amount 
of c h a r  i s  r e c y c l e d  t o  t h e  t h i r d  and t o  t h e  second s t a g e  t o  h e l p  
p r o v i d e  t h e  h e a t  n e c e s s a r y  t o  m a i n t a i n  t h e  vessel tempera tures .  The 
v o l a t i l e  p r o d u c t s  from t h e  p y r o l y s i s  are  condensed and s e p a r a t e d .  

The p r o j e c t  COED tar  t h a t  was t h e  f e e d s t o c k  f o r  a l l  work d e s -  
c r i b e d  i n  t h i s  paper  was d e r i v e d  from I l l i n o i s  #6 coal.  

Ashland 's  p o s i t i o n  a s  a s u p p l i e r  o f  r e f i n e r y  p r o d u c t s  and carbon 
black--through t h e  United Carbon divis ion--had a s i g n i f i c a n t  i n f l u e n c e  
on t h e  s e l e c t i o n  o f  t h e  r e s e a r c h  program g o a l s  f o r  p r o c e s s i n g  o f  LTC 
t a r .  The pr imary o b j e c t i v e  o f  t h i s  program w a s  t o  produce c a r b o n  
b l a c k  f e e d s t o c k  from a l l  o r  a p o r t i o n  of t h e  LTC c o a l  l i q u i d s .  A 
p r o d u c t  o f  t h i s  n a t u r e  would r e q u i r e  a minimum amount o f  upgrading 
and would u t i l i z e  h e r e t o f o r e  unmarke tab le  f r a c t i o n s  of t h e  coal 
l i q u i d s .  Secondly,  emphasis  w a s  p l a c e d  o n  c o n v e r t i n g  t h e  f r a c . t i o n s  
u n s u i t a b l e  for  carbon b l a c k  f e e d s t o c k  i n t o  p r o d u c t s  compat ib le  wi th  
normal r e f i n e r y  o p e r a t i o n s .  

O t h e r  r e s e a r c h e r s  have t r i e d  many t e c h n i q u e s  t o  upgrade LW tar 
i n c l u d i n g  cok ing ,  thermal  c r a c k i n g  and hydrogenat ion .  P r o d u c t s  
r a n g i n g  from coke t o  g a s o l i n e  w i t h  some i n t e r m e d i a t e  c h e m i c a l s  ake  



commonly r e p o r t e d  i n  t h e  l i t e r a t u r e .  P robab ly  t h e  p o i n t  m o s t  'common 
t o  t h e  work of these warious g roups  was t h e  f a c t  t ha t  t h e  p r o c e s s e s  
were uneconomical. Processes t o  produce c h e m i c a l s  from LZC c o a l  
l i q u i d s  f a i l e d  because t h e s e  materials c o u l d  not  be o b t a i n e d  by 
s i m p l e  p r o c e s s i n g  schemes. 

DISCUSSION 

A n  i n i t i a l  q u a n t i t y  o f  p r o j e c t  COED f u l l  r ange  c o a l  l i q u i d s  w a s  
o b t a i n e d  from FMC f o r  c h a r a c t e r i z a t i o n .  A p r e l i m i n a r y  i n s p e c t i o n  o f  
t h e  c o a l  l i q u i d s  showed t h e  f o l l o w i n g :  

Moisture ,  Volume P e r c e n t  4.5-5.0 
Benzene I n s o l u b l e s ,  Weight P e r c e n t  0.5 
Quino l ine  I n s o l u b l e s ,  Weight P e r c e n t  3.0 

T h i s  a n a l y s i s  i n d i c a t e d  t h a t  removal o f  t h e  p a r t i c u l a t e  matter and 
m o i s t u r e  would be t h e  minimum t r e a t m e n t  for  p roduc ing  ca rbon  black 
f e e d s t o c k  from t h e  tar. 

I n i t i a l  P r o c e s s i n g  Scheme 

The p r o c e s s i n g  scheme used t o  produce t h e  t h r e e  i n i t i a l  samples  

The t a r  w a s - h e a t e d  u n t i l  f l u i d  and blended w i t h  benzene i n  a 1:l 
volume r a t i o  i n  order t o  r educe  t h e  tar  v i s c o s i t y  s u f f i c i e n t l y  t o  p e r -  
m i t  c e n t r i f u g a t i o n  for s o l i d s  removal and f o r  a subsequent  a z e o t r o p i c  
d i s t i l l a t i o n  t o  remove t h e  water. Table 1 p r e s e n t s  a n  a n a l y s i s  of 
t h e  d r y ,  e s s e n t i a l l y  solids-free tar .  

t h e  q u a l i t y  of a ca rbon  b1ack . f eeds tock .  
below 70 are u n a c c e p t a b l e ;  f e e d s t o c k s  w i t h  a BMCI o f  120 and above 
are c o n s i d e r e d  i d e a l .  The L'K t a r  p h y s i c a l  propert ies-- low g r a v i t y  
and h i g h  50% b o i l i n g  p o i n t - - r e s u l t  i n  a v e r y  h i g h ,  c a l c u l a t e d ,  Bureau 
of Mines Correlation Index f o r  t h i s  l i q u i d .  However, subsequen t  
e x p e r i m e n t a l  d a t a  i n d i c a t e s  t h e  BMCI is a p p a r e n t l y  v a l i d  o n l y  f o r  
materials t h a t  are predominant ly  hydrocarbon;  i.e., do n o t  have high 
p e r c e n t a g e s  of h e t e r o  atoms, such  a s  oxygen, n i t r o g e n  and s u l f u r .  
As shown i n  Table  1 t h e  COED LTC t a r  c o n t a i n s  s i g n i f i c a n t  q u a n t i t i e s  
of 0 ,  N and S. A sample o f  t h e  d r y ,  s o l i d s - f r e e  LTC tar--sample A i n  
F i g u r e  1--was t a k e n  f o r  e v a l u a t i o n  as ca rbon  b l a c k  f e e d s t o c k .  

The d r y ,  s o l i d s - f r e e ,  f u l l  r a n g e  c o a l  l i q u i d s  were nex t  vacuum 
f r a c t i o n a t e d  t o  p roduce  a -530°F overhead c u t  and a +530°F ( a t  atmos- 
p h e r i c  p r e s s u r e )  b o t t o m s  f r a c t i o n .  The +530°F bottoms material was 
e v a l u a t e d  as c a r b o n  b l a c k  f e e d s t o c k ;  i t  is d e s i g n a t e d  a s  sample B i n  
F i g u r e  1. 
f ixed bed 3/4 i n c h  d i a m e t e r  reactor a t  moderate  t e m p e r a t u r e  and 
p r e s s u r e .  A n a l y t i c a l  d a t a  r e v e a l e d  a s i g n i f i c a n t  change from feed  t o  
p r o d u c t .  Marked d e c r e a s e s  were n o t e d  i n  b o i l i n g  r ange  and g r a v i t y  a t  
h igh  vo lumet r i c  y i e l d .  A major  r e d u c t i o n  i n  0 ,  N, and S c o n t e n t  w a s  
obse rved .  The p roduc t  c o n t a i n e d  h igh  c o n c e n t r a t i o n s  of naphthenes and 
aromatics; this in conjunctioa ~ t t h  its hniling r a n g e ,  c h g r a c t e r i z e d  
t h e  p roduc t  a s  a p o t e n t i a l  r e f i n e r y  r e f o r m e r  c h a r g e  s t o c k .  

is shown i n  F igu re  1. 

The Bureau o f  Mines C o r r e l a t i o n  Index (BMCI) is a measure o f  
Feeds tocks  w i t h  a BMCI 

The -530'F overhead  w a s  c a t a l y t i c a l l y  h y d r o t r e a t e d  i n  a 

A t h i r d  sample for carbon b l a c k  f e e d s t o c k  e v a l u a t i o n - <  i n  



1 i. 7 
F i g u r e  1 - - w a s  p repa red  by s o l v e n t  e x t r a c t i o n  ( 2 : l  s o l v e n t . t o  O i l  
r a t i o )  of t h e  +530"F c o a l  l i q u i d s .  The s o l v e n t  w a s  a t y p i c a l  
r e fo rma te  (OAPI=53.4) c o n t a i n i n g  about  61% P+N and 38% A. The 
e x t r a c t i o n  y i e lded  an  i n s o l u b l e  r a f f i n a t e  (275'F S.P. p i t c h - l i k e  
m a t e r i a l )  and t h e  e x t r a c t  f r a c t i o n .  After s t r i p p i n g  o f f  t h e  s o l v e n t ,  
t h e  e x t r a c t  y i e l d  w a s  about  74 weight p e r c e n t .  Ten g a l l o n s  of t h i s  
m a t e r i a l  were e v a l u a t e d  as  carbon b l a c k  f e e d s t o c k .  

An a n a l y s i s  of  carbon b l ack  f e e d s t o c k  samples  B and C is shown 
i n  Tab le  2. Samples A ,  B and C were e v a l u a t e d  a t  United Carbon ' s  . 
p i l o t  p l a n t  i n  a 2 i n c h  f u r n a c e .  A l l  c o a l  d e r i v e d  samples  w e r e  han- 
d l e d  i n  a n  i d e n t i c a l  manner, and a s t a n d a r d  ca rbon  b l a c k  f e e d s t o c k  
was a l so  processed  i n  t h e  p i l o t  u n i t  f o r  comparison. The coal 
l i q u i d s  carbon b l ack  p roduc t  w a s  compounded i n t o  a s t a n d a r d  rubbe r  
f o r m u l a t i o n .  Th i s  f o r m u l a t i o n  w a s  e v a l u a t e d  a g a i n s t  r u b b e r  com- 
pounded from a n  ISAF c o n t r o l  carbon b l a c k  and t h e  carbon b l a c k  pro- 
duced i n  t h e  p i l o t  p l a n t  from t h e  s t a n d a r d  f e e d s t o c k .  The f u l l  range  
and vacuum reduced samples  (A and B, r e s p e c t i v e l y )  produced a n  i n f e r i o r  
carbon b l ack  i n  l o w  y i e l d s .  The low s t r u c t u r e  and low modulus e x h i b i t e d  
by t h e  rubbe r  f o r m u l a t i o n s  were p a r t i c u l a r l y  n o t i c e a b l e .  The e x t r a c -  
t e d  sample (C) produced a low y i e l d  of carbon b l a c k ,  b u t  t h e  q u a l i t y  
w a s  n e a r l y  equa l  t o  t h e  s t a n d a r d  f e e d s t o c k ,  w i t h  t h e  e x c e p t i o n  o f  
having  on ly  a s l i g h t l y  lower s t r u c t u r e .  Yie ld  d a t a  is p r e s e n t e d  i n  
Tab le  3. 

These r e s u l t s  i n d i c a t e  t h e  e x t r a c t i o n  i s  more of a de-ashing s t e p  
t h a n  a t r u e . e x t r a c t i o n  and t h a t  t h e  h i g h  oxygen c o n t e n t  of  t h e  tar  
s u p p r e s s e s  carbon b l a c k  y i e l d .  Carbon b l a c k  q u a l i t y  is d e t r i m e n t a l l y  
a f f e c t e d  by sodium, po ta s s ium and o t h e r  metals normal ly  found i n  c o a l  
a s h  and i n  l o w  g rade  f e e d s t o c k s .  These m e t a l s  c a u s e  ca rbon  b l a c k  
s t r u c t u r e  (cha in  l e n g t h )  t o  be l o w .  The y i e l d  from +530eF t a r  w a s  
app rox ima te ly  75% of t h e  s t a n d a r d  f e e d s t o c k  and w a s  encourag ing  from 
a r e s e a r c h  s t a n d p o i n t .  N e v e r t h e l e s s ,  t h e  v a l u e  of t h e  75% y i e l d  feed-  
s t o c k  is much less t h a n  75% of t h e  go ing  r a t e  f o r  h igh  q u a l i t y  f eed -  
s t o c k s ,  due t o  t h e  combina t ion  of h i g h e r  f e e d s t o c k  consumption p e r  
pound o f  carbon b l a c k ,  h i g h e r  f u e l  g a s  consumption p e r  pound of carbon 
b l a c k  and reduced reactor c a p a c i t y .  

Hydrotreating-Microreactor 

Because of t h e  h i g h  oxygen c o n t e n t  (sa%) of t h e  d r y ,  s o l i d s - f r e e  
t a r  and i t s  d e t r i m e n t a l  effect  on carbon b l a c k  y i e l d ,  i t  w a s  dec ided  
t o  a t t e m p t  t o  s e l e c t i v e l y  h y d r o t r e a t  t h e  t a r  w i t h  t h e  o b j e c t i v e  of 
removing t h e  oxygen, n i t r o g e n  and s u l f u r  w i thou t  r i n g  s a t u r a t i o n .  
F ixed  bed,  c a t a l y t i c  hydro t r ea tmen t  of t h e  t a r  w a s  conducted  a t  a 
moderate t empera tu re  and i n t e r m e d i a t e  p r e s s u r e  i n  a 3/4 i n c h  d i ame te r  
r e a c t o r .  The p r o c e s s  w a s  s t u d i e d  by e v a l u a t i o n  of  composi ted  reactor 
e f f l u e n t  and o f f -gas  samples  from c o n s e c u t i v e  test p e r i o d s  of 19 t o  
2 4  h o u r s  d u r a t i o n .  

A hydrocarbon l i q u i d  y i e l d  on f e e d  of  about  86 weight p e r c e n t  
and an aqueous y i e l d  of  abou t  3% w e r e  o b t a i n e d .  Hetero atom removal 
based  on t h e  f e e d  and  composited e f f l u e n t  samples  w a s  o v e r  90% f o r  
s u l f u r ,  o v e r  60% f o r  oxygen, and n e a r l y  40% f o r  n i t r o g e n .  Hydrogen 
consumption f o r  t h i s  l e v e l  of p r o c e s s i n g  w a s  e s t i m a t e d  a t  1200 t o  
1500 SCF/bbl. of f e e d .  Material ba l ance  d a t a  i n d i c a t e d  t h a t  h e t e r o  
atom removal accounted  f o r  t h e  l a r g e s t  p o r t i o n  of t h e  hydrogen con- 
sumed w i t h  m o s t  of t h e  remain ing  hydrogen used  a p p e a r i n g  as c racked  

p r o d u c t s  i n  t h e  o f f  g a s .  
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The h y d r o t r e a t e d  composi ted  product  w a s  f r a c t i o n a t e d  i n t o  , a  -600'F 

r e f i n e r y  f e e d s t o c k  and a +600°F carbon b l a c k  f e e d s t o c k .  
p e r c e n t  y i e l d s  were a b o u t  58% overhead and  42% bottoms. 

The weight 

The +600°F bot toms are  c h a r a c t e r i z e d  below. T h i s  table shows a 
c o n s i d e r a b l e  upgrading  o f  t h e  f e e d s t o c k  over t h a t  p r e v i o u s l y  produced 
and i n d i c a t e s  t h a t  a p o t e n t i a l  carbon b l a c k  y i e l d  comparable t o  t h e  
s t a n d a r d  carbon b l a c k  f e e d s t o c k  shou ld  be o b t a i n e d  from t h e  hydro- 
t r e a t e d  +600°F bottoms. 

CARBON BLACK FEEDSTOCK COMPARISON 

W t .  % Ratio Carbon Black 

S tanda rd  C.B. Feeds tock  
H C/H Yld l b /  a1 

8 . 2  11.0 
C 

90.2 
E x t r a c t  from +530° F r a c t i o n  83.7 7.6 11.0 2.74 
Hydro t r ea t ed  +600° F r a c t i o n  89.1 8 . 0  11.1 -- 

Carbon b lack  y i e l d  d a t a  on t h e  h y d r o t r e a t e d  +600°F t a r  cou ld  n o t  
b e  o b t a i n e d  s i n c e  t h e  3/4 i n c h  reactor hydrogena t ion  t e c h n i q u e s  pro- 
duced o n l y  one g a l l o n  of f u l l  range  h y d r o t r e a t e d  ta r .  P i lo t  scale 
ca rbon  b l ack  f e e d s t o c k  e v a l u a t i o n s  r e q u i r e  a minimum sample of t e n  
g a l l o n s .  

The e x p e r i m e n t a l  d a t a  from t h e  3/4 i n c h  r e a c t o r  s e r v e d  as  t h e  
b a s i s  f o r  p l ann ing  f u r t h e r  p r o c e s s i n g  of p r o j e c t  COED'S LTC tar .  It 
w a s  dec ided  t o  a t t e m p t  h y d r o t r e a t i n g  of  t h e  d r y ,  f u l l - r a n g e  tar  i n  a 
4 i nch  d i ame te r  r e a c t o r  t o  produce s u f f i c i e n t  +600°F material f o r  
p i l o t  scale e v a l u a t i o n  as ca rbon  b l a c k  f e e d s t o c k .  

Hydro t r ea t ing -Four  Inch  Reactor 

A s  a r e s u l t  of t h e  above work, a n  a d d i t i o n a l  150 g a l l o n s  of f u l l -  
r ange  COED l i q u i d s  w a s  o b t a i n e d  f o r  p r o c e s s i n g  th rough  t h e  4 i n c h  
r e a c t o r .  The coal l i q u i d s  "as r ece ived"  c o n t a i n  s u f f i c i e n t  p a r t i c u -  
late matter and water t o  c a u s e  o p e r a b i l i t y  problems on a p i l o t  
s c a l e .  A s  d i s c u s s e d  earlier, t h e  tar  was p rocessed  i n i t i a l l y  by 
c e n t r i f u g a t i o n  and a z e o t r o p i c  d i s t i l l a t i o n  t o  remove s o l i d s  and 
moi s tu re .  The f o l l o w i n g  t a b l e  shows t h e  r e s u l t s  of t h i s  p rocess ing :  

T a r  Ta r  
A s  Received P rocessed  

Ash 0.83 0.44 
Quino l ine ,  I n s o l u b l e s  3.6 1.8 
Benzene, I n s o l u b l e s  4.3 7.3 

C h a r a c t e r i z a t i o n  of t h e  d r y ,  s o l i d s - f r e e  t a r  showed it t o  have 

A f t e r  p r o c e s s i n g  t o  remove water and s o l i d s ,  t h e  f u l l - r a n g e  LTC 

e s s e n t i a l l y  t h e  s a m e  a n a l y s i s  as shown i n  Tab le  1. 

ta r  was h y d r o t r e a t e d  i n  t h e  4 i n c h  reactor sys tem f o r  h e t e r o  atom 
removal a t  approx ima te ly  t h e  same c o n d i t i o n s  which w e r e  used i n  t h e  
3/4 i n c h  reactor. 

P r o c e s s i n g  i n  t h e  4 i n c h  u n i t  . r e p r e s e n t e d  a f e e d  rate scale up 
or' about l 6 G  over t ha t  of t h e  3/4 inch reactor. Seve re  tempera tur?  
c o n t r o l  problems r e s u l t e d  from t h e  sca l ed -up  o p e r a t i o n  due t o  t h e  
exo the rmic  n a t u r e  of t h e  r e a c t i o n s  t a k i n g  p l a c e .  The d e s i r e d  iso- 
thermal r e a c t o r  p r o f i l e  f o r  optimum s e l e c t i v i t y  and h e t e r o  atom 
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removal c o u l d  n o t  be main ta ined .  F l u c t u a t i o n s  between l o w  tempera- 
t u r e s  ( i n c r e a s e d  naphthene  fo rma t ion )  and h i g h  t e m p e r a t u r e s  ( c a t a l y s t  
d e a c t i v a t i o n  and co r re spond ing  r e d u c t i o n  i n  deoxygenat ion)  r e s u l t e d  i n  
more oxygen and hydrogen and less ca rbon  i n  t h e  reactor e f f l u e n t  t h a n  
t h e  p r o j e c t  g o a l s .  Carbon c o n t e n t  of t h e  h y d r o t r e a t e d  composi te  was 
86.5  weight p e r c e n t ,  somewhat below t h e  87.7 weight p e r c e n t  o b t a i n e d  
i n  t h e  3/4 i n c h  reactor p rocess ing .  F i g u r e  2 i l l u s t r a t e s  t h e  g e n e r a l  
e f f e c t s  of  t empera tu re  on p roduc t  composi t ion .  

O v e r a l l ,  c o n s i d e r a b l e  d i f f i c u l t y  was expe r i enced  i n  o b t a i n i n g  
smooth o p e r a t i o n  of t h e  4 i n c h  r e a c t o r ;  however, t h e  e n t i r e  amount of 
f e e d  a v a i l a b l e  was p rocessed .  The l i q u i d  hydrocarbon y i e l d  w a s  about  
8 9  weight p e r c e n t  on f e e d ,  and t h e  aqueous  y i e l d  w a s  abou t  3 weight 
p e r c e n t .  
reactor. 

Th i s  compares ve ry  w e l l  w i t h  t h e  r e s u l t s  from t h e  3/4 i n c h  

The t a b l e  below compares h e t e r o  atom removal based on o v e r a l l  
f e e d  and composited p roduc t  d a t a  f o r  t h e  4 i nch  r e a c t o r  and 3/4 i n c h  
reactor: 

HETERO ATOM REMOVAL-WEIGHT PERCENT 

Oxygen 

4 i n c h  Reac to r  58 
3/4 i n c h  Reactor 6 2  

Ni t rogen  

16 
38 

S u l f u r  

83 
93 

Hydrogen consumption was e s t i m a t e d  a t  2000 SCF/bbl. based on an 
o v e r a l l  material ba lance  and h e t e r o  atom removal. Hydrogen consump- 
t i o n  is t h u s  h i g h e r  t h a n  t h e  1500 SCF/bbl. o b t a i n e d  i n  small scale 
p r o c e s s i n g .  T h i s  may be a t t r i b u t e d  t o  i n c r e a s e d  naphthene fo rma t ion  
and i n c r e a s e d  hydroc rack ing  i n  t h e  4 i nch  reactor.  

The h y d r o t r e a t e d  t a r  was f r a c t i o n a t e d  t o  produce a -600'F over -  
head c u t  and a +600°F bot toms f r a c t i o n .  
f r e e  t a r  were about  46 volume p e r c e n t  overhead  and 54 volume pe rcen t  
bottoms. The -600'F f r a c t i o n  w i l l  be  d i s c u s s e d  l a t e r  i n  t h i s  pape r .  

The y i e l d s  on d r y ,  s o l i d s -  

The +600°F F r a c t i o n  

The +600°F f r a c t i o n  (Table  4) was sh ipped  t o  t h e  Uni ted  Carbon 
l a b o r a t o r i e s  f o r  p i l o t  scale ca rbon  b l a c k  p roduc t ion .  The carbon 
b l a c k  produced was t h e n  e v a l u a t e d  as d e s c r i b e d  earlier by compounding 
i n  a s t a n d a r d  rubbe r  f o r m u l a t i o n .  The r e s u l t s  o f  t h e s e  tests can  be 
summarized as follows: 

1. 

2. 

3. 

The material handled  s a t i s f a c t o r i l y  i n  t h e  p i l o t  scale 
reactors. 

The ca rbon  b l a c k  produced from t h e  h y d r o t r e a t e d  +600°F 
coal l i q u i d s  h a s  o n l y  a s l i g h t l y  lower modulus wi th  
comparable t e n s i l e ,  e l o n g a t i o n  and a b r a s i o n  r e s i s t a n c e  
and approx ima te ly  10% lower s t r u c t u r e  as compared t o  a 
ca rbon  b l ack  which w a s  made from a s t a n d a r d  carbon b lack  
f e e d s t o c k .  

Yie ld  of  ca rbon  b l a c k  from t h e  h y d r o t r e a t e d  +600°F t a r  is 
o n l y  about  80% of t h e  s t a n d a r d  f e e d s t o c k ,  3 .10  l b s / g a l .  vs .  
3.97 l b / g a l . ,  a t  e s s e n t i a l l y  t h e  same s u r f a c e  a r e a .  
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4. A 60% r e d u c t i o n  i n  oxygen d i d  n o t  s i g n i f i c a n t l y  change t h e  
carbon b l ack  y i e l d .  Apparent ly  s u f f i c i e n t  naphthene forma- 
t i o n  had o c c u r r e d  i n  t h e  4 i n c h  reactor t o . c o u n t e r a c t  t h e  
r e d u c t i o n  i n  oxygen. Carbon t o  hydrogen r a t i o n  a n d  oxygen 
c o n t e n t  a r e  summarized below: 

46 Oxygen C/H 

S tanda rd  Feeds tock  
+530°F E x t r a c t e d  Ta r  
ffi00'F H y d r o t r e a t e d  T a r  
Raw T a r  

0 11 .0  
8 11 :o 
3 10.2 
9 10.9 

In summary, t h e  i n i t i a l  a t t e m p t  t o  produce a carbon b l ack  f e e d -  
s t o c k  from LTC tar  v i a  s e l e c t i v e  hydrogena t ion  fo l lowed  by f r a c t i o n a -  
t i o n  r e s u l t e d  i n  a n  a c c e p t a b l e  q u a l i t y  b l a c k  and  demonstrated t h e  
t e c h n i c a l  f e a s i b i l i t y  for t h i s  p r o c e s s i n g  r o u t e .  Y ie ld  w a s  not  as  
h i g h  as d e s i r e d  and may be a t t r i b u t e d  t o  n o t  a c h i e v i n g  p r o c e s s  g o a l s  
f o r  h e t e r o  atom removal d u r i n g  hydro t r ea tmen t .  

F u r t h e r  P r o c e s s i n g  o f  +600°F F r a c t i o n  

The o r i g i n a l  p r o c e s s  g o a l  was t o  a c h i e v e  a +600°F bottoms material 
w i t h  a 90 weight p e r c e n t  ca rbon  c o n t e n t ,  s i n c e  t h i s  l e v e l  is comparable 
t o  t h e  s t a n d a r d  ca rbon  b l a c k  f e e d s t o c k .  The f o l l o w i n g  t a b l e  shows t h e  
u l t i m a t e  a n a l y s i s  o f  t h e  u n t r e a t e d  +600°F tar ,  t h e  h y d r o t r e a t e d  +600°F 
tar  and t h e  s t a n d a r d  ca rbon  b l a c k  f e e d s t o c k :  

S t anda rd  
Carbon Black Raw Ta r  Hydro t r ea t ed  

U l t i m a t e  Ana lys i s ,  W t .  96 Feedstock +600°F T a r ,  +600°F 

Carbon 90.20 82.6 86.97 
8.20 7.55 8.50 - . 8.88 2.97 

Hydrogen 
Oxygen 
Ni t rogen  - 0.96 0.92 
S u l f u r  1.60 1.30 0.30 

I n  a n  e f f o r t  t o  a c h i e v e  90 weight p e r c e n t  ca rbon  c o n t e n t  material, 
t h e  h y d r o t r e a t e d  +600°F t a r  from t h e  4 i n c h  reactor w a s  c a t a l y t i c a l l y  
h y d r o t r e a t e d  a g a i n  a t  a moderate  t e m p e r a t u r e  and  p r e s s u r e  i n  a 2 i n c h  
d i a m e t e r  reactor. The second p a s s  h y d r o t r e a t e d  +600°F t a r  is cha rac -  
t e r i z e d  i n  Tab le  5. The y i e l d  of t h e  material is approx ima te ly  35 
volume p e r c e n t  o f  t h e  d r y ,  s o l i d s - f r e e  COED tar. Note t h a t  t h e  pro- 
ject  g o a l  of 90 weight  p e r c e n t  ca rbon  c o n t e n t  w a s  v e r y  n e a r l y  ach ieved .  

A sample o f  t h i s  second p a s s  h y d r o t r e a t e d  +600°F tar  was for- 
warded t o  t h e  Un i t ed  Carbon d i v i s i o n  and w a s  p r o c e s s e d  through t h e i r  
p i l o t  p l a n t  t o  produce ca rbon  b l ack .  Performance of t h i s  t a r  i n  t h e  
p i l o t  scale carbon b l a c k  r e a c t o r  w a s  p r a c t i c a l l y  i d e n t i c a l  t o  t h a t  of 
t h e  s t a n d a r d  ca rbon  b l a c k  f e e d s t o c k .  

Data from r u b b e r  samples  compounded w i t h  ca rbon  b l a c k  from t h e  
second p a s s  h y d r o t r e a t e d  +600°F tar show t h e  b l a c k  to  be n e a r l y  equal 
t o  t h e  ca rbon  b l a c k  produced from t h e  s t a n d a r d  f e e d s t o c k  a t  i d e n t i c a l  
reactor c o n d i t i o n s .  Some of t h e  p e r t i n e n t  d a t a  from t h e s e  tests are 
g i v e n  i n  Table  6. A ca rbon  b l a c k  y i e l d  o f  abou t  90 weight  p e r c e n t  of 
t h e  s t a n d a r d  w a s  o b t a i n e d .  
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A l a b o r a t o r y  i n s p e c t i o n  of  t h e  -600°F f r a c t i o n  from t h e  4 i nch  
r e a c t o r  is shown i n  Table  7. Although t h e  a r o m a t i c s  c o n t e n t  of  t h i s  
p a r t i c u l a r  material was no t  de te rmined ,  a -600'F c u t  from t h e  3 /4  
i n c h  reactor s t u d y ,  w i t h  ve ry  s imilar  p r o p e r t i e s ,  c o n t a i n e d  w e l l  ove r  
70 volume pe rcen t  a r o m a t i c s  by FIA a n a l y s i s .  T h i s  i n d i c a t e s  t h e  -600'F 
f r a c t i o n  would be a h i g h l y  d e s i r a b l e  r e f i n e r y  f e e d s t o c k .  However, t h e  
h e t e r o  atom c o n c e n t r a t i o n  of  t h i s  c u t  is t o o  h igh  t o  pe rmi t  p r o c e s s i n g  
by c o n v e n t i o n a l  r e f i n e r y  t echn iques .  Fo r  t h i s  r e a s o n ,  second p a s s  
h y d r o t r e a t i n g  of  t h e  -600OF c u t  w a s  s t u d i e d .  

P i l o t  s t u d i e s  i n d i c a t e d  a reactor c o n f i g u r a t i o n  w i t h  a f a i r l y  
h i g h  r e s i d e n c e  t i m e  would be r e q u i r e d  t o  e f f e c t i v e l y  remove t h e  h e t e r o  
atoms i n  t h e  second p a s s  c a t a l y t i c  h y d r o t r e a t i n g  s t e p .  Such a r e a c t o r  
was c o n s t r u c t e d  and s u c c e s s f u l l y  o p e r a t e d  w i t h  t h e  -600°F f r a c t i o n  
(Table  7 )  f e e d  t o  produce 5 .5  weight p e r c e n t  water and  a second p a s s  
-600'F l i q u i d  hydrocarbon p roduc t  i n  92.2 weight  p e r c e n t  y i e l d  wi th  
t h e  f o l l o w i n g  p r o p e r t i e s :  

-600°F SECOND PASS 
HYDROTREATING EFFLUENT 

OAPI 29.5 
FIA, LV% 

P + N  33.2 
0 1.0  
A 65.0 

S 35 
N 620 

Bromine No. 2.2 

Hetero atoms, ppm 

He te ro  atom c o n c e n t r a t i o n s  have  been reduced  s u f f i c i e n t l y  by 
t h i s  o p e r a t i o n  t o  pe rmi t  p r o c e s s i n g  of t h e  mater ia l  i n  c o n v e n t i o n a l  
r e f i n e r y  u n i t s .  

The -600°F second p a s s  h y d r o t r e a t i n g  e f f l u e n t  w a s  f r a c t i o n a t e d  
i n t o  f i v e  f r a c t i o n s :  (1)  IBP-160°F, 0.9 LV%; (2)  160-360°F, 42.5 

600°F, 12.0 L a ,  f o r  l a b o r a t o r y  and p i l o t  scale e v a l u a t i o n  as 
r e f i n e r y  f e e d s t o c k .  The IBP-160°F c u t  w a s  no t  p r o c e s s e d  f u r t h e r  s i n c e  
i n  p r a c t i c e  t h i s  would p robab ly  be i n c l u d e d  i n  t h e  r e f o r m e r  c h a r g e  
because  of its s m a l l  q u a n t i t y  and its composi t ion .  The 160-360'F 
f r a c t i o n  was c h a r a c t e r i z e d  as r e f o r m e r  c h a r g e s t o c k  on t h e  b a s i s  of 
its naphthene  c o n t e n t  and b o i l i n g  range .  R e s u l t s  of t h e  p i l o t  scale 
r e fo rming  are shown i n  Tab le  8. Note s p e c i f i c a l l y  t h e  v e r y  h i g h  
b l end ing  v a l u e  of t h e  reformate, its h i g h  aromatic (go+%) c o n t e n t  
and  t h e  h igh  gas make which is e s t i m a t e d  t o  be 92% hydrogen i n  a 
r e c y c l e  o p e r a t i o n .  

i n d i c a t e d  t h e y  shou ld  be combined and s u b j e c t e d  t o  a r e l a t i v e l y  s e v e r e  
h y d r o t r e a t i n g  s t e p ,  t h e n  f r a c t i o n a t e d  t o  a 410°F c u t  p o i n t .  The 
-410°F p o r t i o n  w i t h  a 98.5 F-1 c lear  o c t a n e  w2uld t h e n  be b lended  
i n t o  g a s o l i n e ,  and t h e  h i g h l y  aromatic (12.0 API) 410-525'F bottoms 
would be a n  e x c e l l e n t  h y d r o d e a l k y l a t i o n  f e e d s t o c k  s i n c e  it h a s  a 
naphthene  p o t e n t i a l  of o v e r  5 7  weight  p e r c e n t  o n  f eed .  

L G ;  (3 )  360-r110°F, 1 2 . 1  L G ;  (4) 410-550°F, 32.5 L G ;  (5) 550- 

Labora to ry  e v a l u a t i o n  of t h e  360-410°F and 410-550°F f r a c t i o n s  

I 
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The 550-600°F f r a c t i o n  c o u l d  be marketed as # 2  f u e l  o i l .  1 

ECONOMICS 

The p r e l i m i n a r y  economics of  a commercial scale LTC ta r  pro- 
c e s s i n g  f a c i l i t y  have  been  estimated based  on a p i l o t  p l a n t  and 
l a b o r a t o r y  d a t a .  The economics assume a 10 ,000  ton/day  coal car- 
b o n i z a t i o n  u n i t  is l o c a t e d  a d j a c e n t  t o  t h e  tar  p m c e s s i n g  f a c i l i t y .  
T h i s  u n i t ,  wh i l e  n o t  d i r e c t l y  i n c l u d e d  i n  t h e  economics, s u p p l i e s  a 
low cost s o u r c e  of  11 ,906  bbl /day  of  f u l l - r a n g e  LTC tar .  F igu re  3 
is a b lock  flow diagram o f  t h e  proposed  p r o c e s s i n g  scheme s t a r t i n g  
w i t h  t h e  f u l l - r a n g e  LTC tar .  

A c a p i t a l  i nves tmen t  of $13,100,000 h a s  been e s t i m a t e d  f o r  t h e  
p r o c e s s i n g  u n i t s  shown i n  F i g u r e  3, w i t h  t h e  e x c e p t i o n  of  t h e  carbon 
b l a c k  f a c i l i t y ,  which is n o t  i nc luded  i n  t h e  economics. A d i scoun ted  
c a s h  flow of 20% can  be r e a l i z e d  on t h i s  i nves tmen t  w i t h  f u l l - r a n g e  
LTC tar  va lued  at $1.62/bbl. and t h e  f o l l o w i n g  v a l u e s  p l a c e d  on t h e  
v a r i o u s  p roduc t s :  

Carbon Black Feeds tock  - 7C/gallon 
Rt2 Fuel o i l  - 9$/ga l lon  
Gaso l ine  Blending  S tock  - 14C/ga l lon  (102+ Octane No.) 
Benzene - 23C/gallon 
Naphthalene - 4.5$/lb.  
H2 Consumed or Genera t ed  - 30$/1000 SCF 

The t e c h n i c a l  f e a s i b i l i t y  of h y d r o t r e a t i n g  f u l l - r a n g e  L X  tar t o  
produce a h i g h l y  aromatic r e s i d u e  b o i l i n g  above 600°F, w i t h  l o w  h e t e r o  
atom c o n t e n t ,  h a s  been demonst ra ted .  The h y d r o t r e a t e d  +600°F f r a c t i o n  
h a s  been p rocessed  on a p i l o t  scale t o  an  a c c e p t a b l e  q u a l i t y  carbon 
b l a c k  i n  good y i e l d .  

The lower b o i l i n g  mater ia l  (-60O0F f ract ion f r o m  h y d r o t r e a t i n g  
f u l l - r a n g e  L E  ta r )  when n e a r l y  free of h e t e r o  atoms is a h i g h l y  
a r o m a t i c  material i d e a l l y  s u i t e d  f o r  p r o c e s s i n g  i n  c o n v e n t i o n a l  
r e f i n e r y  equipment t o  y i e l d  v a l u a b l e  p roduc t s .  

o v e r a l l  LTC t a r  p r o c e s s i n g  scheme can  realize a good DCF rate of 
r e t u r n  on i nves tmen t ,  when r e a s o n a b l e  p roduc t  values are assumed. 

P r e l i m i n a r y  economics,  based  on p i l o t  p l a n t  d a t a ,  i n d i c a t e  t h e  
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FIGURE t 

'PARTICULATE 

MATTER 
+ 

\ 
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GAL. COAL LIQ. 

- BZ. + 
-20 DISTILLATION \ FRACT1oNAT1oN 
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14 GAL. 
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40% NAPH 1 ,  

* - SEPARATION STRIPPING 
65 GAL. 
EXTRACTED 

SAMPLE C 

A t 
16 GAL. PITCH 

I 275'F S. P. SOLVENT 

I 

TABLE 1 \ 
PROJECT COED FULL RANGE COAL LIQUIDS 

(DRY, SOLIDS-FREE) 

SAMPLE 
DISTILLATION, OF 

5% 
10% 
3 0% 
50% 
7 0% 
8 0% 

I BUINOLINE INSOLUBLE, WT. % 

A S H ,  WT. % 
CONRADSON CARBON, WT. % 
CORRELATION INDEX 

API AT 60°F 

\ 

ULTIhlATE ANALYSIS, % 
1 

CARBON 
HYDROCES 
OXYGEN 
NITROGEN 
SULFUR 

I 

I 

A 

45 7 
486 
701 
831 
93 2 

C r a c k i n g  

0.33 
-6.1 
0.13 
18.4 
140 

82.42 
7.55 
8.74 
1;10 
0.9 
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TABLE 2 

PROCESSED PROJECT COED COAL LIQUIDS 

SAMPLE 
DISTILLATION,  O F  . 

I B P  
5% 
10% 
20% 
30% 
40% 
50% 
60% 

BENZENE INSOLUBLE, WT. % 
O A P I  AT 6 0 ° F  
ASH, WT. % 
CONRADSON CARBON, 4% 
CORRELATION INDEX 

B 
+530°F CUT 

525 
58 1 
680 
742 
794 
836 

C r a c k i n g  

12.0 
-8.7 
0.18 
21.7 
157 

- 

ULTIhlATE ANALYSIS, % 
CARBON 82.71 
HYDROGEN 7.89 
OXYGEN . 8.90 

1.16 
1.90 

NITROGEN 
SULFUR 
POTASSIUM, PPI 
SODIUM, PPM 

TABLE 3 

CARBON BLACK YIELD DATA . 

FEED 

STANDARD C .  B. FEEDSTOCK 

- 

FULL RANGE COAL L I Q U I D S  -- A 

+530°F FRACTION O F  FULL RANGE 
COAL LIQUIDS -- B 

C 
EXTRALTED 
+530°F CUT 

450 
521 
571 
672 
741 

C r a c k i n g  

0.013 
-7.2 
0.022 
14.96 
150 

. 82.61 
7. 55 
8.88 
0.96 
1.30 
4.7 
8.0 

YIELD 
(WUNDS/GALLON ) 

3.75 

2.70 

2.64 

EXTRACT FRO11 +530.F FRACTION -- C 2.74 
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F I G m .  2-  EFFECT OF TEMPERATURE ON PRODUCT CONPOSITION 

4 
NAPHTHENE 
FORMATION 

- 
- 
- 

- HETERO ATOM - 
- NAPHTHENES 

- 
- 
- 
- 

C I I 1  I I I I I I 
TEMPERATURE 

TABLE 4 

+ 6 0 0 * F  HYDROTREATED FRACTION O F  
PROJECT COED COAL L I Q U I D S  

D I S T I L L A T I O N ,  *F 
10% 
3 0% 
50% 
70% 
90% 

GRAVITY, O A P I  AT 60°F  
RAMSBOTTOM CARBON, WT. $ 
CORRELATION INDEX 

ULTIMATE ANALYSIS,  WT. % 

CARBON 
HYDROGEN 
OXYGEN 
NITROGEN 
S U L F L 2  
ASH 

COKING 
AND 
HYDRO- 
CRACKING 

655 
7 08 
78 1 
866 

C r a c k i n g  

0.4 
3.8 

121.9 

86.97 
8.50 
2.97 
0.92 
0.3P 
0.07 
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TABU 5 

LABORATORY INSPECTION OF SECOND 
PASS HYDROTREATED +600°F FRACTION 

DISTILLATION, OF 
5% 

10% 
30% 
50% 
7 0% 
90% 
95% 

+600°F BOTTOMS 
615 
629 
668 
714 
767 
866 
912 

GRAVITY, OAPI AT 60°F 4.2 
BENZENE INSOLUBLE, WT . % 0.094 
QUINOLINE INSOLUBLE, WT. % 0.018 
RAMSBOTTON CARBON, WT. % 2.74 
CORRELATION INDEX 111.7 

ULTIMATE ANALYSIS, WT. % 

CARBON 
HYDROGEN 
OXYGEN 
NITROGEN 
SULFUR 
ASH 

89.38 
8.48 
1.54 
0.60 
0.04 
0.02 

TABLE 6 

LABORATORY EVALUATION OF RUBBER SAMPLES 

SAhIPLE 

CURED AT 293'F MIN. 

MODULUS AT 
SOO% (PSI) 120 

COLLECTED YIELD 
#/GAL. 

TENSILE STRENGTH 
(PS 1) 120 

% ELONGATION 
AT BREAK 120 

SURFACE AREA, 
( Jl2/Gil) 

ANGLE ABRJ S ION 
GAlS LOSS/HR. 90 

% SWELL EXTD.STK 
DBP ABR.1S ION 

ISAF COAL COAL COAL 
C0NT.C LIQUIDS STANDARD LIQUIDS 'STANDARD LIQUIDS 

2100 2280 

3.83 

4300 3740 

510 420 

126 

10.4 12 .4  

92.1 105.6 

1 1 4 . 8  138 .6  

2380 

4.23 

4130 

435 

112 

12 .5  

102 .0  

138.5 

2330 

3.82 

4270 

45 0 

112 

10 .3  

10.9.3 

140.1 

2320 

3.97 

3770 

420 

139 

10.6 

105.6 

139.8 

2300 

3.51 

4300 

4 45 

13'7 

10 .1  

109.3 

141.4 
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TABLE 7 

-600.F FRACTION O F  HYDROTREATED 
PROJECT COED COAL L I Q U t D S  

ASTM DISTILLATION , O F  

I BP 
10% 
30% 
5 0% 
7 0% 
90% 
95% 

GRAVITY, 'API AT 60.F 
BROMINE NUMBER 

ULTIMATE ANALYSIS , WT. % 

CARBON 
HYDROGEN 
OXYGEN 
NITROGEN 
SULFUR 
ASH 

28 0 
370 
416 
45 2 
492 
546 

Cracking 

17.6 
65.7 

83.48 
10.27 
5.38 
0.88 
0.13 

0.002 

REFORMATE FROM 160-360.F FRACTION O F  SECOND 
PASS HYDROTREATED -600.F COAL L I Q U I D S  

L I Q U I D  YIELD ON FEED 
GAS MAKE, SCF/BBL. FEED 

90.1 VOL. 40 
1025 

GRAVITY, 'API 33.5 

ASTbI DISTILLATION,  O F  
I B P  
5% 

10% 
3 0% 
50% 
70% 
95% 
E.P.  

OCTANE NUMBERS 

F-1 CLEAR 
F-1 + 3 G. TML. 
BLENDING OCTANE NUhIBER 

168 
208 
220 
244 
26 6 
288 
23 2 
368 

101.4 
105.9 
114.7 
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FIGURE 3 

CARBON BLACK FEEDSTOCK 
FROB1 

LOK TEALPERATITRE C-IRBOXIZATIOX TAR 
ESTIXATED JLATERIBL BALAXCE 

11,906 B P D  
FULL RAXGE 
LTC TAR 

+ 
MlhIONIA 
HYDROGEN S U L F I D E  
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CARBON BLACK PREPARATION FROM LOW-TEMPERATURE 
LIGNITE PITCH 

\ Richard L. Rice, Robert E. Lynch, and John S. .Berber  

U. S. Department of the Interior, Bureau of Mines, 
Morgantown Coal Research Center ,  Morgantown, W.. Va. 26505 

Carbon black consists essentially of finely divided particles of carbon pro- 
duced by incomplete combustion of carbonaceous fuels, both liquid and gaseous. 

e. g. channel black, lamp black, furnace black, oil black, and thermal  black. 
Carbon black from the channel, gas ,  and oil furnace processes  i s  produced by 
controlled combustion. In the thermal  process ,  carbon black is produced by  
thermal  decomposition of hydrocarbons in  the absence of air o r  flame. Channel 
black, prod,uced from natural  gas ,  was the main type at  the beginning of the c a r -  
bon black industry (Bond, 1968), but gradual increase in natural gas  pr ice  
impelled the carbon black industry to look for  new feedstocks. NOW, most  carbon 
black i s  produced from petroleum-derived feedstock (Drogin, 1968). The carbon 
industry in. the United States is about 100 years  old, and more  than 135 marketable 
grades of carbon black meet  a wide range of industry specifications (Drogin, 1954). 

I Carbon black frequently is identified by designating the method of preparation, 

'\ 

, I 

. 

, 

This paper discusses the preparation, character is t ics ,  and .properties of 
carbon black produced by the thermal  decomposition of low-temperature lignite 
t a r  pitch. 
bon black feedstock via thermal  decomposition (Kulik, 1961; Williams, 1953; . , 

Johnson, 1969). 

EQUIPMENT AND MATERIALS 

A variety of other carbonaceous mater ia ls  have been evaluated as ca r -  

!! 

1 

A 13-inch-long section of 6-inch pipe equipped with external e lectr ic  heaters  
served a s  pitch feed tank. A gear  pump fed the pitch to the production furnace. 
The la t ter  was constructed of 10-gauge carbon s teel  and had two main par t s ,  the 
firebox and production zone. The firebox was 9 inches in diameter and 9 inches 
long overall ,  with downstream end tapered 45' to 3 inches in  diameter .  Refrac- 
tory and insulation made the outside dimensions 27 inches in diameter  by 18 inches 
long. The production zone consisted of silicon carbide tube 4 inches in diameter 
by 36 inches long surrounded by insulating brick.  
duction zone was 21 inches. 

Outside diameter  of the pro- 

Two natural  gas burners  entering the firebqx tangentially preheated the 
furnace and supplied heat during a run. 

Attached directly to the discharge end of the furnace was a quenching cham- 
ber ,  12 inches in diameter and 42 inches long. 
12-inch carbon s teel  pipe, but its corrosion contaminated the product, so it was 
rebuilt using stainless steel. 
ing the furnace. 

Initially it was constructed of 

A water spray quenched the gases  and carbon leav- 

I 



Carbon black was removed by a 12-inch d iameter  by 42-inch-long knock- . .ut  
tank made from stainless  s tee l  and equipped on the inside with a water spray. 
Tangentiai entry oi the gas  gave cyclone-type action that ass i s ted  in removal oi 
carbon black. 

The 2-foot-square wet i i l ter  was separated into two compartments b5- a 
sc reen  which supported fi l ter  paper. 
s ta inless  s teel .  
1 feet long. 

Both the box and screen  were made oi 
The dry  f i l t e r  was a wool-bag type, 1-1:2 inches in  diameter by 

Fecd  material  for  the study was pitch obtained f rom t a r  produced by 5 e  
Texas Power dr Light Coxipany from the carbonization of Texas lignite a t  9 C D ' -  F 
in a fluidized bed by the P a r r y  process ( P a r r y ,  
under vacuum to an atmospheric boiling point of 630" F,  and the resultifig residue 
amountcd to 45% of the t a r .  
given in Table 1. 

1955). The tar was distilled 

Chemical and physical properties of the pitch a r e  

PROCEDURE 

Pitch was placed in the feed tank (Figure l ) ,  melted,  heated to  about + J O C  F 
and pumped into the preheated furnace. 
zone, passed into the quenching chamber where it was cooled by the water spray,  
and dropped to the.bottom. Carbon black remaining in the products of c o r t u s t i o n  
was ca r r i ed  to the knock-out tank for  removal by the water  spray  and cyclonic 
action. Gas carrying unremoved carbon black then went to the d ry  wool-hag f i l ter  
for f inal  cleaning up of.the g a s ,  af ter  which the gas  was metered ,  sampled. and 
vented. Carbon black :rom the quenching chamber and knock-out tank was col- 
lected o n  a wet f i l ter ,  f r o m  which i t  was removed, washed, dr ied,  and prepared 
for  testing. 

Carbon black formed in the produccio;: 

RESULTS 

Maximum yields of carbon black at  temperatures ranging from 1, 800 ' tn 

Yields increased irom 
Hydrogen content, on the other ha2L, 

2 .  500"  F a r e  given in Table I1 and presented in Figure 2 .  
l o .  5% at 1 .  800"  F to 37.  0% a t  L,500° F. 
decreased with increase in temperature.  In the 1,800" and 2 ,  000" F runs .  cor-  
rosion of the carbon s tee l  quenching chamber contaminated the product, a s  
revealed by the high ash  and i ron content. 
cantly in subsequent runs  utilizing a s ta inless-s teel  chamber. 
remained relatively constant a t  0.70/0. 
carbon black per ton of lignite carbonized. 

Ash and i ron values dropped signifi- 
Sulfur coptent 

A yield of 37% represents  40 pounds o i  

Electron micrographs of the carbon black are shown in F igures  3 d n 6  -1. 
These blacks were produced a t  aboyt 2 , 3 0 0 "  F. 
in shape, range from 200 t o  3 , 0 0 0  A in d iameter ,  and have a tendency to\v?rd 
arrangement  into chainlike s t ructures .  
a r e  generally r e fe r r ed  to a s  s t ructure  blacks. 
~ i s u s l l y  indica:ivc of high electr icai  conductance. These electron micrographs 
look much like those from a typical SRF mate r i a l  (Kirk and Othmer,  
tendency to fo rm chains a l so  indicates that the par t ic les  will bind well wit:: the 
ma t r ix  in compounding. 

The par t ic les  appear spherical 

Blacks in which this effect i s  prxninen: 
A high deqree oi structur?. is 

19451. The 
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Results of tes ts  and compounding of the carbon black compared with a com- 
mercial-type SRF carbon black, a r e  given in Table 111. 
black produced at  2,450' F; CB-13A a t  2 ,250" F; and CB-3, a t  2,000" F. Car-  
bon blacks from lignite pitch were intermediate in fineness to thermal  and SRF 
type carbons,  but of higher chain s t ructure .  
but this estimate of fineness correlated only roughly with tensile strength of the 
vulcanizates. Oil absor'ption (shape factor)  of the carbon black was much higher 
than for  furnace black, indicating nonspherical particles.  Vulcanizate viscosity 
and modulus data agreed directionally with oil absorption when related to furnace 
black data. 

CB-12 designates a carbon 

They also differed in tinting strength, \ 

The lignite-derived carbon black was high in ash  and very  high in iodine 
number. Iodine number does not appear to be a measure  of surface a rea  for these 
samples.  
the high volatile content of the samples and not be a t rue  indication of surface a r e a  
and particle shape. 

Both the high iodine number and oil absorption could be influenced by 

The samples dispersed well in rubber.  The tensile strength was equivalent 

Two of the 

This indicates nonspherical par t ic les  a s  confirmed 
The mechanical propert ies  of the sxperimental  com- 

Run C,B-12 compound was highest 

to or lower than for furnace black. 
gave lowest tensile. 
samples produced compounds higher in tensile modulus, dynamic madulus, and 
hardness  than furnace black. 
by the higher oil absorption. 
pounds were s imilar  to those of furnace black. 
in damping and heat buildup and lowest in resil ience.  

The CB-13A run appears  to be coarses t  and 
The blend of CB-12 and CB-3 was intermediate.  

The compounds differed only slightly in scorch t ime. The coal  derived 
samples resulted in compounds of a fas ter  cure  ra te  than furnace black. 
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Table  I. P r o p e r t i e s  of Lignite P i tch  

F l a s h  point, 'F . . . . . . . . . . . . . . . . . . . . . . . . .  510 / 

1 

Softening point ( r & b )  g lycero l ,  F . . . . . . . . . . . . .  194 

Softening point (cube  i n  g lyce ro l ) ,  " F 221 

Penet ra t ion  at 77' F, 100 g r a m s ,  5 seconds .  . . . . . .  0 

/ . . . . . . . . . . .  I 

Specific gravity,  25' C / 2 5 "  c . . . . . . . . . . . . . . . .  1.  128 

A s h . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.35  I 

I 
W a t e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.00 I 

Ductility, ,cm a t  77" F . . . . . . . . . . . . . . . . . . . . .  0 

Bitumen,  soluble in C S z  . . . . . . . . . . . . . . . . . . . . .  78.80 . i 

F r e e  carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.85 I 

1 
Conradson  ca rbon  . . . . . . . . . . . . . . . . . . . . . . . .  20.81 

Disti l lat ion to 572 " F (ASTM D2569-67).  . . . . . . . . .  6 .40  I 

I 
Softening point of r e s idue  ( r & b ) ,  0 F . . . . . . . . .  194 

Sulfonation index of dis t i l l a te  to 572" F 0 

I 

I . . . . . . .  

Ultimate  ana lys i s  Pe rcen t  

Ca rbon  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  84.72  

Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.53  

Ni t rogen .  . . . . . . . . . . . . . . . . . . . .  ; . . . . . . . .  0.87 

Oxygen.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.62 

Sulfur . . . . . . . . . . . .  i . .  . . . . . . . . . . . . . .  0.90 

Ch lo r ine .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .01  

Mois ture  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.00 
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Table 111. Carbon Black and Rubber P r o p e r t i e s  

Carbon Run CB-12 Run CB-12 Run CB-13A Commerc ia l  
+ CB-3 furnace 

black 

Carbon Black P r o p c r t l e s  
1 

I Tinting s t rength 33 16 12 24 

Oil absorpt ion,  ga1/100 l b  12. 8 15. 8 10 .2  4 . 4  

Iodine number ,  mg/g  32 12 45 10 

Volatile content, wt % a t  1750' 7 . 9  13. 4 14. 5 0 .1  

Ash, wt % 0.89 2 .4  0 .74  0. 03 

Rubber Proper t ies  

20' L-300 110 90 40 50 

20' Tensi le  530 520 210 300 

60' L-300 700 640 390 410 

60' Tensi le  1770 1450 1180 1510 

60' Elongation 720 600 740 700 

60' Shore hardness  55 53 4a 47 

100' tensi le  1580 1320 940 1380 

Max. tensl le  1780 1580 1180 1710 

Visual d i spers ion  4 . 0  4. 5 3 .9  4. 5 

Dynamic P r o p e r t i e s  

Complex modulus 9 3 . 0  8 8 . 2  76. 8 75.0 

Viscous modulus 15. 0 12. 8 12.0 11 .0  

P h a s e  angle  9 . 3  8 . 3  9 . 0  8. 5 

Res i l ience ,  % 59.7 63. 1 60. 8 62. 4 

Goodrich hea t  buildup 97 89 82 88 

Rheometer  C u r e  P r o p e r t i e s  

Minimum torque 2. 6 2. 2 2 .0  2. 0 

Maximum torque 63. 0 62. 1 52. 0 52. 9 

Time to  7 # r i s e  10 .8  I O .  7 11.2 !@.7  

T u n e  to 90% max. torque 31. 4 31 .8  28. 2 36. 3 

C u r e  r a t e  7 . 4  7 . 1  6.4 4 .8  

I 

I 
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Figure 1. - Carbon Black System. 

1 

40 

0 '  I I I I J 
1,600 1.800 2,000 2,200 2,400 2,600 

TEWERATIIRE, OF 

Figure 2.  - Carbon Black Yields Versus Temperature. 
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8.000 X 

20,m x 

20,000 x 

I 

20.000 x 

Figure 3. - Elec t ron  Micrographs of 

1o.ooox 

Carbon Black f r o m  
Low- Temperature  Lignite Pitch.  

. -- 29,000 X 

Figure 4. - Electron Micrograph of Carbon Black. 
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Not for Publication 
CARBON BLACK PRODUCED BY THE PYROLYSIS OF COAL 

G. E. Johnson, W. A. Decker, A. J. Forney, and J. H. Field 

U.S. Bureau of Mines, 4800 Forbes Avenue 
Pittsburgh, Pennsylvania 15213 

INTRODUCTION 

In 1968 the total production of carbon black in the United States was 2838 mil- 
lion pounds, a 12.5% increase over that of 1967.1/ Production has increased steadily 
since 1942, averaging more than 5% annually. Figure 1 lists Khe annual production of 
carbon black since 1942 and illustrates its growth. The growth of the carbon black 
industry has closely paralleled that of the automotive industry. 

The largest user of carbon black is the rubber industry which accounts for 
about 94% of domestic use with the remainder divided principally among the ink, 
paint, paper, and plastic industries. Of the carbon black used by the rubber in- 
dustry, roughly 90% is used for motor vehicle tires and the rest for mechanical 
goods. Increasing ratios of carbon black to rubber in tire treads--currently about 
50 parts of black to 100 parts of rubber--accounts for some of the increased carbon 
black demand. Rising sales of motor vehicles have also contributed to the increased 
demand for black. 

Until 1945 almost all carbon black was made by the channel, gas-furnace and 
Since the introduction of the oil-furnace thermal processes from natural gas.21 

process in 1945, three-fourths of the carbon black is made from liquid hydrocarbons. 

Although the channel process has been almost replaced by the more efficient 
oil-furnace process as the principal source of rubber grades of carbon black, it 
still remains the principal source.of the premium grades of blacks used in the paint 
and lacquer and printing ink industries. 

The thermal process produces coarser blacks giving softer rubber stocks more 

In the thermal process natural gas is heated to 
desirable for tire carcasses in contrast to the narrow range of fine particle blacks 
produced by the channel process. 
1350°-1650' C. where it decomposes to hydrogen and carbon. 

Currently furnace black plants account for about 85% of domestic carbon black 
capacity, channel plants about 5%, and thermal plants 10%. 
of thermal black is increasing most rapidly, its sales increasing an average of 
8.1% per year from 1956 to 1966. 

Of the three types, use 

The U.S. Bureau of Mines in their search for new uses for coal has been investi- 
gating the production of carbon black from coal. 
duced by pyrolysis of coal at 125Oo-135O0 C .  

A thermal-type black has been pro- 

DESCRIPTION OF EQUIPMENI' 

A flow sheet of the experimental unit i s  shown in Figure 2 .  Coal sized to 10% 
minus 200 mesh is dropped in free-fall through a preheat zone (850' C.)  and then 
the reaction zone in the presence of a carrier gas, generally bottled nitrogen. 
Ammonia, argon, and air have also been used.?/ 

partial decomposition of the coal occurs at the elevated reactor temperature 
The char and heavier solids are collected at the bottom of the (125Oo-135O0 C.) .  

vertical reactor while the carbon black is carried by the gas stream (consisting 
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Figure I - United States production of carbon black 1942- 1968. 
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of product gas  and carrier gas)  t o  a bag f i l t e r  where it is col lec ted .  The coal  
discussed in  t h i s  r e p o r t  (unless  o t h e w i s e  noted) was h igh-vola t i le  A bituminous 
(hvab) Pi t tsburgh seam from Bruceton, Pennsylvania, containing about 37% v o l a t i l e  
mat ter .  

P a r t  of the  c a r r i e r  gas  e n t e r s  the  r e a c t o r  with the  coal  adding g r e a t e r  ve- 
The remainder of the c a r r i e r  gas e n t e r s  the  top of l o c i t y  to  the  f a l l i n g  coa l .  

the  r e a c t o r  adjacent  t o  t h e  cooled feed tube where it f lushes  away t k r  vapots which 
could adhere t o  wal l s  and cau'se plugging. 

The r e a c t o r  (Figure 3), a 4-foot length of v i t reous  r e f r a c t o r y  m u l l i t e  (3-1/4-inch 
i . d .  and 3-1/2-inch o.d.) ,  is jacketed with two e l e c t r i c a l  r e s i s t a n c e  hea ters .  The 
top hea ter  se rves  as a preheater  f o r  t h e  coal  and gas (maximum temperature 850' C.), 
is 12 inches long, and is wound with nichrome wire.  A Kanthal* hea ter  (Al-Cr-CO-Fe 
a l loy)  with a maxilmvp temperature r a t i n g  of 1350' C. encloses the center  20 inches 
of the tube o r  the r e a c t i o n  zone. 

The bottom sec t ion  of the  r e a c t o r  tube,  which is exposed t o  t h e  atmosphere f o r  
rapid cool ing of t h e  products ,  f i t s  i n t o  a side-ann f l a s k  o r  char rece iver  i n  which 
the heavier  s o l i d s  a r e  co l lec ted .  The l i g h t ,  f l u f f y  s o l i d s  (carbon black) are car -  
r i e d  by the product gas  stream t o  a wool-fel t  bag f i l t e r  where they a r e  co l lec ted .  
Clean product gas is then metered, sampled, and f la red .  Since the u n i t  was or igin-  
a l l y  designed f o r  making hydrogen cyanide from coal  and ammonia, the  piping and 
v e s s e l s  a r e  of s t o i n l e s s  steel and glass, and t h e  u n i t  is completely enclosed and 
v e n t i l a t e d  t o  prevent accumulation of escaped gases.  Figure 4 i s  a view of the 
panel board and ex terna l  s t r u c t u r e .  
signed to  prevent agglomeration and poss ib le  plugging of the r e a c t o r  by heat ing the  
coal  rap id ly  through i t s  p l a s t i c  s tage  of about 400' C. 

A s p e c i a l  coal-feed system (Figure 5 )  was de- 

The f i n e l y  ground c o a l  is fed through a steam-jacketed tube (1-inch 0.d.) which 
extends i n t o  the  preheat  zone of the r e a c t o r .  The coal  leaves the end of the  feed 
tube,  which is a t  the temperature of the  steam (about 200' C.) t o  e n t e r  t h e  preheat  
zone. The temperature rise of  the  c o a l  t o  850' C, is very sudden because of the 
high heat  t r a n s f e r  rate t o  t h e  small p a r t i c l e s  i n  d i l u t e  phase. The c a r r i e r  gas 
fed wi th  the  coa l  keeps t h e  p a r t i c l e s  i n  motion and he lps  prevent agglomeration a s  
the c o a l  r a p i d l y  passes through i t s  p l a s t i c  s tage.  

Chromatographic ana lyses  were made of spot samples of t h e  product gas. Proxi- 
mate and u l t imate  analyse&/ were made of the char and heavier  s o l i d s  co l lec ted  
i n  the  char r e c e i v e r ,  and t h e  carbon black co l lec ted  i n  the bag f i l t e r .  Oil absorp- 
t i o n  values  of the carbon b lack  were determined; p a r t i c l e  s i z e  was measured by 
e l e c t r o n  microscope, and BET surface area was determined. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Tvoical  Test  Data 

Typical  d a t a  from t e s t s  f o r  carbon black from coal  a r e  shown i n  Table I which 
i s  the averaged d a t a  f o r  t e n  2-hour tests. The coa l  feed rate was 676 g./hr.  
(1.5 pounds p e r  hour), and 10 cubic f e e t  per  hour of ni t rogen w a s  used a s  c a r r i e r  
gas.  
duct ion of c o a l ,  when coa l  feed w a s  i n i t i a t e d ,  the  reac tor  temperature increased t o  
1332' C. a f t e r  one hour of operat ion,  increas ing  t o  a maximum of 1366' C. a f t e r  two 

Although the r e a c t o r  temperature was leveled of f  a t  1252' C. before the  i n t r o -  

*The t r a d e  name of this product  i s  given f o r  i d e n t i f i c a t i o n  only and does not  imply 
endorsement by the Bureau of Illnee. 
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Figure 3 - Carbon black reactor and recovery unit. 
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Figure 4-Pone1 board ond external structure of corbon block unit. 
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Cool feed 

Thermocouple 

Figure 5 .-Steom cooled cool feed system 
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Flgure 6.-Electmn micrographs of carbon black from hvab coal. 
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TABLE I.  DATA FROM TYPICAL 2-HOUR TEST FOR PRODUCING CARBON BLACK FROM CQAL 

Yield 
Percent Coal Feed N 2  S t a r t i n g  Max. O f f  Gas 

Rate Flow, Temp., Temp. ,  (Less N2) Carbon of  Char, 
g. / H r  Cu. Ft  . / H r  . O C .  0 C .  Cu.Ft./Hr. Black Feed 8.  

Conditions F i r s t  Hour 
676 10.21 1252 1332 13.42 121 17.9 Not 

Measured 

Conditions Second Hour 
676 10.21 1317 1366 13.81 136 20.2 7 00 

Sol ids  Analyses,  % Surface 
Proximate U 1 t i m a  te Area, 

M .  V.M.  F.C. Ash H7 c N7 O7 S Ash m.2/g. 

Coal ........ 1.4 36.8 54.8 7.0 5.3 77.4 1.6 6.9 1.8 7.0 ---- 
Char ........ .4 8.1 79.5 12.0 1.5 81.7 1.4 1.8 1.6 12.0 1.5 
Carbon Black - .5  0.7 98.4 0 . 4  0.6 96.6 0 .8  0.6 1.0 0 .4 8.4 

\ 

Product Gas Analyses,  % (Nitrogen-Free Basis)  

H2 - 80.1 C O 2  - 0.5 
CO - 14.1 ECN - 0.5  

. CH4 - 3.5 H$ - 0.4 
CzH4 - 0.8  . 0 2  - 0.1 

\ 
a/ P a r t i c l e  s i z e ,  70% through 200 mesh. 
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hours of opera t ing  time. 
hour t e s t  per iods ,  averaging 17.9% f o r  t h e  f i r s t  hour and 20.2% f o r  t he  second hour. 
The y i e l d  percentages are based on the  weight o f  carbon black co l l ec t ed  per weight 
of raw c o a l  fed. The char produced w a s  not measured f o r  t he  f i r s t  hour, but t he  
t o t a l  co l l ec t ed  fo r  two hours w a s  700 grams. 

The y i e l d s  of carbon b lack  were d i f f e r e n t  f o r  t he  two- 

Proximate and u l t i m t e  ana lyses  o f  t h e  r a w  c o a l ,  char ,  and carbon black are I 

shown i n  Table I. The v o l a t i l e  matter remaining i n  the  char  was 8.1% which should I 

with  coa l  f o r  s a t i s f a c t o r y  combustion). The ash conten t  of the carbon black was I 
be s u f f i c i e n t l y  high t o  permit i t s  use as f u e l  (although it  may have t o  be mixed 

0.4%, which i s  w e l l  below the 1% maximum pre fe r r ed  by t h e  rubber indus t ry .  
s u l f u r  conten t  of t h e  carbon b lack ,  1.0%, would no t  be harmful f o r  use i n  rubber 
a s  s u l f u r  i s  added when the  black i s  compounded wi th  rubber,  

The I ' 

,I 
1 The product gas generated amounted t o  about 10 cubic f e e t  pe r  pound of coa l  

I 
and cons is ted  mainly of hydrogen--8O%--and carbon monoxide--14!4--with small  amounts 1 
of hydrocarbons and o the r  gases.  

E f fec t  of Temperature 

To determine t h e  q u a n t i t y  and q u a l i t y  o f  carbon black produced, tes ts  were made 
a t  900, 1000, 1100, 1250, and 1350' C (Table 11). I n  t h e  f i r s t  four tests the  coa l  
feed r a t e  was 180 g./hr.  (-325 mesh) and the  n i t rogen  flow 4 cubic f e e t  per  hour, 
whi le  i n  the  test a t  1350' C, t h e  coa l  feed rate was 676 g./hr. (70% -200 mesh) and 
the  n i t rogen  flow 10 cubic f e e t  per hour. 

tween 900' and 1350' C., a l l  t h e  tars are not  removed a t  t h e  lower temperatures. 

t i l e  matter as compared t o  less than 17. v o l a t i l e 6  i n  the  black made a t  1350' C. 
e l ec t ron  micrographs of F igure  6 i l l u s t r a t e  t he  presence of tar at  t h e  lower tempera- 
tures.  
i s  about 90%, while a t  1350' C. i t  exceeds 96%. . i 

/ 

Although carbon black i s  formed by t h e  py ro lys i s  of coa l  a t  temperatures be- I 

Chemical ana lyses  i n d i c a t e  t h a t  carbon black made a t  900' C . s t i l 1  conta ins  20% vola- I 
The 

A t  t he  lower temperature (Table XI) t h e  carbon content  o f  t h e  black produced 

, 

Product gas ana lyses  a l s o  show t h e  e f f e c t  of temperature. When the  tempera- ' t  
t u r e  was increased from 900' t o  1350' C.,  t h e  hydrogen content  o f  t h e  product gas 
increased  from 48% t o  80%, whi le  the  methane decreased from 25% t o  4%. 
temperatures 
y i e l d s  based on recovered product va r i ed  from 8.7% t o  19% of the  raw coa l  fed. 
t i o n a l  amounts of carbon b lack  are v i s i b l e  i n  t h e  char  but are not  recovered. 

E f fec t  of Varying Coal Feed Rates 

Tes t s  were made wi th  vary ing  feed r a t e s  of c o a l  t o  determine the  e f f e c t  on the  

A t  t h e  higher 

Addi- 
more methane w a s  decomposed t o  hydrogen and carbon. Carbon black 

carbon b lack  produced. 
r a t e s  were about 1.5, 2, 2.5, and 3 lb . /h r .  and 12 cu. f t . / h r .  o f  n i t rogen  c a r r i e r  
gas was used. Consistent carbon black y i e l d s  of about 1 5 1 6 %  were obtained a t  a l l  
coa l  feed r a t e s .  The p r o p e r t i e s  of t h e  carbon b lack  were similar, t h e  ash  content 

a b l e  conten t  of the  b lack ,  however, increased  with increased coal feed. 

Resul t s  of these  tests are shown i n  Table 1x1. Coal feed 

ranging from 0.8 t o  1.lx and t h e  su r face  area about 15 m. 2 /g.  The benzene ex t r ac t -  

[ 
I The y i e l d  of char  v a r i e d  from 58 to  61% of t h e  coa l  feed. The volumes of pto- 

duc t  gas obtained are l i s t e d  f o r  each test along wi th  a range of product gas analyses 
c^- - 1  1 ...--_. 
L V L  -A. L S B L S .  
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TABLE 11. EFFECT OF TEMPERATURE ON CARBON B U C K  YIELD AND QWLITY 

Carbon Black Product G a s ,  % N2-Free 
Yield,  

% of Vola - 
Feed % % % 

Temp., Coal Carbon A s h ,  t i l e s ,  H 2  . CO CH4 Ca+ 
--- - - - -  c .  

(Coal Peed Rate 160-200 g. /Hr. ,  N2 Flow 4 Cu.Ft./Hr.) 
900 ' 8.7 89.6 0.2 20.6 48.1 17.2 24.5 6.7 
1000 9.7 90.0 .7 15.6 58.3 13.8 23.3 1.5 
1100 11.3 92.6 .1 6.5 67.5 14.5 15.2 0.6 
1250 9.9 94.2 1.0 7 .O 75.2 13.9 5.9 2.0 

(Coal Feed Rate 676 g. /Hr. ,  N2 Flow 10 Cu.Ft. /Hr.)  
1350 19.0 96.6 0.4 0.7 80.1 14.1 3.5 0.,8 
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Effec t  of Varying Car r i e r  Gas Flows 

The residence t i m e  of t he  gas  and coa l  i n  t h e  r eac t ion  zone can be cont ro l led  
by the  flow of c a r r i e r  gas.  
flow was varied i n  2-cubic foot increments between 8 and 20 cu. f t . / h r .  g iv ing  c a l -  
cu la ted  gas res idence  times of 1.75 t o  3.15 sec.  The r e s u l t s  of t h e  tes ts  a r e  
given i n  Table I V .  A t  a cons tan t  coa l  feed of about 1.5 lb . /hr .  wi th  increas ing  
c a r r i e r  gas flow, the  y i e ld  of carbon black increased from 10 t o  20%; t he  product 
gas increased s l i g h t l y  and the  char y i e l d  decreased s l i g h t l y .  The ash content of 
t he  carbon black increased from 0.6 t o  1.1%. Thus wi th  sho r t e r  res idence  t i m e ,  the 
y i e ld  of carbon black i s  increased a s  i s  i t s  ash content.  With high carrier gas 
flows, add i t iona l  ash  p a r t i c l e s  a r e  phys ica l ly  ca r r i ed  by the  gas  stream from the  
char c o l l e c t o r  t o  the  bag f i l t e r  along with carbon black. The carrier gas flow 
should be cont ro l led  so a s  to  give the  maximum y i e l d  of  carbon b lack  without exceed- 
ing the  maximum des i r ab le  ash l i m i t  of 1%. 

Evaluation of Carbon Blacks From Coal 

A s e r i e s  of tes ts  w a s  made i n  which t h e  carrier gas  

Samples of coal-derived carbon blacks were evaluated with commercial blacks 
i n  rubber compounding tes ts  by several i n d u s t r i a l  companies. Table V l i s t s  some 
of the  physical-chemical p rope r t i e s  of t he  blacks and rubber and cure  p rope r t i e s  
of n a t u r a l  rubber formulated with these  blacks. Carbon blacks l i s t e d  are:  two 
commercial thermal blacks P-33 (Fine,  F.T.) and Thermax (Medium, M.T.); t h ree  blacks 
from hvab coa l ,  one made a t  1250° C, one a t  1400° C. ,  and the  t h i r d  a t  1250' C . ,  but 
made i n  an oxid iz ing  atmosphere (20.6% 02); a carbon black made from cannel c o a l  a t  
1250' C .  and one made from Spencer Chemical Company de-ashed coa l .  

I n  genera l ,  t he  p rope r t i e s  of the  carbon blacks from coa l  are s imi l a r  to  those 
of t he  commercial thermal carbons. The coa l  blacks are h igher  i n  o i l  absorp t ion ,  
a sh ,  and t o t a l  s u l f u r  which i n  a rubber compound, r e s u l t s  i n  h igher  modulus, higher 
hardness,  sho r t e r  e longat ion ,  and f a s t e r  cu re  r a t e .  

The f r e e  s u l f u r  contained by a l l  t h e  coal-carbon blacks is a s i g n i f i c a n t  amount 
and i s  i n  a l l . p r o b a b i l i t y  ava i l ab le  f o r  vu lcaniza t ion  and could con t r ibu te  t o  the  
higher vulcaniza te  modulus. 

The var iance  of va lues  of the  coal-black p r o p e r t i e s  i n d i c a t e s  t h a t  con t ro l  of 
these  p rope r t i e s  can be maintained by proper s e l e c t i o n  of feed materials and operat-  
ing  va r i ab le s .  For example, when oxygen w a s  used wi th  hvab c o a l ,  t h e  sur face  area 
of the  carbon black increased from about 16 t o  40 m.2/g. which i s  i n  t h e  range of 
t h e  next higher c l a s s i f i c a t i o n  of black, the SRF o r  semi-reinforcing furnace grade. 
The oxygen atmosphere a l s o  changed o the r  carbon black p rope r t i e s ,  increas ing  the  
benzene ex t r ac t ab le s  and o i l  absorp t ion  va lues  and i n  t u r n ,  imparting d i f f e r e n t  
q u a l i t i e s  to the  rubber formulated with it. 

The p rope r t i e s  of t h e  rubber compounds made from coa l  black were similar t o  
those made from commercial blacks using i d e n t i c a l  formulations (Table V). Generally,  
t h e  coa l  carbon gave higher 300% modulus, h igher  hardness,  and s l i g h t l y  lower t e n s i l e  
s t r eng th .  Elongation wi th  t h e  coal product was both h igher  and lower--the hvab coa l  
blacks gave lower e longat ions  than the  commercial product.  

The cure p rope r t i e s  of the  rubbers compounded wi th  coal-derived carbon black 
were equiva len t  t o  those compounded wi th  commercial thermal b lacks .  
t h e  coal-black product cure r a t e s  were f a s t e r  and some were slower, but  they were 
gene ra l ly  i n  t h e  same range. 

I n  some cases 
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TABLE V. PROPERTIES OF COMMERCIAL AND COAL-DERIVED CARBON BLACKS 
AND THEIR NATURAL RUBBER COMPOUNDS 

Carbon Black From Coal, 
Commercial Non-Oxidizing Atmosphere 
Thermal Spencer 

Fine Medium Hvab Coal Cannel De-ashed 
(P-33)(Thermax) 1250' C. 1400' C. Coal Coal 

Carbon Black Properties 

Benzene 
extracts, % .... 1.0 0.3 3.4 1.6 2.4 6.1 

Transmission, % ..1.0 2.0 1.0 2 .o 2 .o 

gal, 100 lb. ... 5.0 4.0 6.5 6.8 7 .7 
Ash, % .......... 0 . 9  0.16 0.40 0.5 0.66 0.17 
Total sulfur, . , - 0.61 0.36 0.78 0.59 
Nitrogen s rface 
area, m.'/g. ..12.0 7 10 15 11 14 

Electron micro- 
scope su face 

- 
Oil absorption - 

- area, m.'/g. .,15.0 9 16 18 - 
Rubber Properties (Cured at 293' F.) 

25' L300 ........ 820 1080 1030 10 10 900 1240 
25' Tensile ..... 2080 2230 1830 17 10 2 120 2 170 
25' Elongation .. 555 52 5. 485 47 0 540 530 
25' S.Hardness .. 59 55 63 63 64 67 

Rheometer Cure Properties at 320' F. 

Minimum torque . . 1.7 1.0 2.2 0.7 1.5 2.8 

min. ......... 3.5 3.9 3.5 4.8 3 .O 3 .O 

min. .......... 10.7 11.9 9.8 11.5 8.4 9.0 

min. ) ........ .10.4 9.9 13.6 10.0 15.5 13.2 

Time to 711 rise, 

Time to 90% torque, 

Rate (in.-lb. f 

Hvab 

Oxidiz- 
ing Atm., 
1250° C .  

Coal 

5.8 
1.0 

10.2 
1.44 
0.95 

12 

40 

1390 
1700 
3 90 
77 

5.3 

3.0 . 

8.6 

18.4 
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Economic Outlook 

An e a r l i e r  cos t  stud$/ indicated that-carbon black could be produced for  about 
3 . 1 ~ / l b .  
i n  our  e a r l i e r  work. 
study is under way but is n o t  complete a t  t h i s  t ime.  
bas i s  only,  one pound of c o a l  cos t ing  0 . 2 5 ~  produces 0.2 pounds of carbon black 
worth about 1 . 2 5 ~  (using a carbon black s e l l i n g  p r i c e  of 6.25Cllb.). 
carbon black from c o a l  looks q u i t e  a t t r a c t i v e  economically. 

T h i s  es t tmate  w a s  based on a carbon black y i e l d  of 10% which w a s  obtained 
Since the  y i e l d s  have now been increased t o  20%, a new c o s t  

However, on a raw mater ia l  

On t h i s  bas i s ,  

Although mkh i n t e r e s t  has been shown in t h e  process  f o r  which a U.S. Patent  
was granted,&/ t o  our knowledge there  is no carbon black being made commercially ' 

from coal '  today. 

CONCIllSIONS 

Carbon black h a s  been produced i n  bench sca le  by the pyro lgs i s  of c o a l  a t  
125Oo-135O0 C. 
about 20% by weight based on the coal feed. 

Yields of carbon black from Pi t t sburgh  seam coal  (hvab) have been 

Carbon black p r o p e r t i e s  can be cont ro l led  by s e l e c t i v e  cont ro l  of operat ing 
Residence t i m e  appears t o  be an i a p o r t a n t  v a r i a b l e  i n  the production var iab les .  

and q u a l i t y  of carbon black from coal.  

Carbon blacks from c o a l  have been t e s t e d  and compounded w i t h  rubber  by severa l  
The black produced from coal  has  been evaluated as a subs t i -  i n d u s t r i a l  companies. 

t u t e  f o r  commercial thermal black. 

Prel iminary c o s t  s t u d i e s  i n d i c a t e  t h a t  commercially acceptable  carbon black 
could economically be produced from coal .  
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I 

t 
S i n c e  t h e  l a t e  1950's, much o f  t h e  r e s e a r c h  e f f o r t  

d e v o t e d  t o  t h e  d e v e l o p m e n t  of  c o a l - b a s e d  p l a n t  n u t r i e n t s  h a s  
s h i f t e d  from humates  t o  s o - c a l l e d  ' n i t r i f i e d '  o r  ' n i t r o g e n -  
e n r i c h e d '  c o a l  (NEC). A s i d e  f rom s t u d i e s  o f  t h e  mechan i sm 
(1) and k i n e t i c s  ( 2 , 3 )  of  t h e  o x i d a t i v e  a m m o n i a t i o n  r e a c t i o n  
by which  t h i s  m a t e r i a l  i s  p r e p a r e d ,  r e c e n t  l i t e r a t u r e  t h u s  
c o n t a i n s  s e v e r a l  r e p o r t s  o f  more o r  l e s s  e x t e n d e d  g r o w t h  
t r i a l s . w i t h  N E C  i n  I n d i a  ( 4 ) ,  Canada  ( 5 )  a n d  A u s t r a l i a  ( 6 ) .  
And a c t i v e  i n t e r e s t  i n  t h e  outcome of  t h e s e  i n v e s t i g a t i o n s ,  
o r  i n  i n i t i a t i o n  o f  s i m i l a r  p r o j e c t s ,  h a s  b e e n  e x p r e s s e d  i n  
t h e  U n i t e d  S t a t e s ,  t h e  S o v i e t  U n i o n ,  N e w  Z e a l a n d ,  a n d  a 
number of  C e n t r a l  European  c o u n t r i e s .  

I n  l a r g e  m e a s u r e ,  t h i s  s h i f t  r e f l e c t s  g r o w i n g  
a w a r e n e s s  t h a t  ammonium h u m a t e s  o r  n i t r o - h u m a t e s  a r e  u n l i k e l y  
t o  command much a t t e n t i o n  o u t s i d e  r e l a t i v e l y  s m a l l  s p e c i a l t y  
o r  ' l u x u r y '  m a r k e t s  ( 5 ) .  B u t  d e s p i t e  r e p o r t s  - i n c l u d i n g  
some from o u r  own l a b o r a t o r i e s  - t h a t  p l a n t  r e a c t i o n  t o  N E C  
f r e q u e n t l y  e q u a l s  o r  b e t t e r s  g a i n s  a c c r u i n g  f rom t h e  u s e  of 
ammonium s u l p h a t e  o r  n i t r a t e ,  t h e  n u t r i e n t  v a l u e  o f  N E C  
r e m a i n s  q u e s t i o n a b l e .  I n d i a n  f i n d i n g s  ( 4 )  t h a t  N E C ,  t y p i c a l l y  
l e s s  e f f e c t i v e  t h a n  n i t r o g e n o u s  m i n e r a l  f e r t i l i z e r s  d u r i n g  t h e  
o p e n i n g  y e a r s  o f  a n  e x t e n d e d  t e s t  p r o g r a m ,  s u b s e q u e n t l y  e q u a l s  
o r  s u r p a s s e s  ammonium s u l p h a t e  a r e  n o t  s u b s t a n t i a t e d  by 
C a n a d i a n  ( 5 )  a n d  A u s t r a l i a n  ( 6 )  e x p e r i e n c e .  And o b s e r v a t i o n s  
t h a t  s e c o n d a r y  t r e a t m e n t  o f  N E C  w i t h  H N O 3  a n d  a q u e o u s  NH40H 
y i e l d s  p r o d u c t s  t h a t  do r e l e a s e  s u b s t a n t i a l  q u a n t i t i e s  o f  N 
h a v e  been  f o u n d  t o  b e  c o n n e c t e d  w i t h  t h e  f a c t  t h a t  s u c h  
t r e a t m e n t  a l s o  c o n v e r t s  some a s s o c i a t e d  m i n e r a l  m a t t e r  i n t o  
a s s i m i l a b l e  n i t r a t e s  (5). 

* C o n t r i b u t i o n  447 f rom t h e  R e s e a r c h  C o u n c i l  o f  A l b e r t a ,  Edmonton,  
A l b e r t a ,  Canada .  
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S i n c e  p u b l i c a t i o n  of t h e i r  f i e l d  t r i a l  r e s u l t s  f o r  
t h e  p e r i o d  1958-64 .  I n d i a n  i n v e s t i g a t o r s  (7 )  h a v e  come t o  
c o n c u r  i n  t h e  v i e w  t h a t  NEC d o e s  n o t  c o n t a i n  much ' a v a i l a b l e '  
N; and t h e r e  i s  a c o n c e n s u s  t h a t  t h e i r  o b s e r v a t i o n s  may h a v e  
b e e n  d i r e c t l y  i n f l u e n c e d  by i n c r e a s e d  m o i s t u r e  r e t e n t i v i t y  
a n d  improved  s t r u c t u r e  of t h e  i m p o v e r i s h e d  s o i l s  i n  wh ich  t h e  
g r o w t h  t r i a l s  v e r e  c o n d u c t e d .  ( T h a t  c o a l  o r  o x i d i z e d  c o a l s  
r i c h  i n  humic a c i d s  c a n  e f f e c t  s u c h  i m p r o v e m e n t s  h a s  been  
known f o r  some t i m e  ( 8 ) ) .  H o v e v e r ,  b e c a u s e  g a i n s  r e s u l t i n g  
f rom a p p l i c a t i o n  o f  HN03-oxid ized  NEC o r  m i x t u r e s  o f  NBC w i t h  
n i t r o g e n o u s  m i n e r a l  f e r t i l i z e r s  seemed on o c c a s i o n  r a t h e r  
g r e a t e r  t h a n  c o u l d  p r i m a  f a c i e  b e  a c c o u n t e d  f o r  by t h e  i n o r g a n i c  
n i t r o g e n  ( o r  u rea -N)  i n  t h i s  vay  i n t r o d u c e d  i n t o  a s o i l ,  b e l i e f  
i n  NkC's n u t r i e n t  v a l u e  h a s  been  r e v i v e d  by  two a l t e r n a t i v e  
s u g g e s t i o n s  ( 5 , 6 . 9 ) .  One raises t h e  p o s s i b i l i t y  t h a t  NEC 
r e l e a s e s  N a t  r a t e s  w h i c h ,  a l t h o u g h  t o o  s m a l l  t o  b e  m e a s u r e d  by 
c o n v e n t i o n a l  l a b o r a t o r y  t e s t s ,  a r e  y e t  g r e a t  enough t o  a f f e c t  
p l a n t  l i f e  o v e r  t h e  more e x t e n d e d  p e r i o d  o f  a f u l l  g r o w t h  c y c l e .  
And t h e  s e c o n d  i n v o k e s  p o s s i b l e  s y n e r g i s t i c  b e h a v i o u r  of  a 
m i x t u r e  c o n t a i n i n g  NEC a n d  a c o n v e n t i o n a l  n i t r o g e n  s o u r c e .  The 
p r e s e n t  s t u d y  v a s  u n d e r t a k e n  v i t h  a v iew t o  t e s t i n g  t h e  v a l i d i t y  
o f  t h e s e  n o t i o n s .  

E x p e r i m e n t  a 1  

(i) U a t e r i a l s :  N i t r o g e n - e n r i . c h e d  c o a l  v a s  p r e p a r e d  by 
t r e a t i n g  a s u b b i t u m i n o u s  c o a l  (70 .5%:  C, 5.1% E, d . a . f . )  w i t h  
g a s e o u s  ammonia a n d  a i r  a t  30OoC. The r e a c t i o n  was c a r r l e d  o u t  
i n  a s m a l l  e l e c t r i c a l l y - h e a t e d  f l u i d - b e d  r e a c t o r  (3) and f u r n i s h e d  
t h r e e  s t o c k  s a m p l e s  w i t h ,  r e s p e c t i v e l y .  % 9 % , - l l X  and  -17% N. 

P r o c e e d i n g  f r o m  t h e s e  s a m p l e s ,  a r a n g e  of  n u t r i e n t  
f o r m u l a t i o n s  w h i c h  a l l o w e d  s i m u l t a n e o u s  e v a l u a t i o n  of  a l l  m a j o r  
compounding v a r i a b l e s  w e r e  p r e p a r e d .  T a b l e  1 s h o v s  t h e  form of 
t h i s  ' g r i d '  a s  u s e d  i n  t h e  g r o w t h  t r i a l s .  A s i m i l a r  ' g r i d ' ,  
o n l y  d i f f e r i n g  i n  m i n u t i a e  f rom t h a t  s h o v n . i n  T a b l e  1. v a s .  
employed  f o r  n i t r o g e n - r e l e a s e  r a t e  m e a s u r e m e n t s  - I n  b o t h  s e t s ,  
u n r e a c t e d  c o a l ,  E N 0 3 - o x i d i z e d  c o a l ,  a n d  m i x t u r e s  o f  t h e s e  w i t h  
u r e a  o r  ammonium n i t r a t e  w e r e  u s e d  as  c o n t r o l s .  

T o t a l  ( a n a l y t i c a l )  n i t r o g e n  c o n t e n t s  of  t e s t  n u t r i e n t s  
a n d  c o n t r o l  m a t e r i a l s  w e r e  d e t e r m i n e d  by t h e  s t a n d a r d  K j e l d a h l  
method a n d / o r  by a s t a n d a r d i z e d  g a s  c h r o m a t o g r a p h i c  t e c h n i q u e  
( w h i c h  employed  a H e v l e t t - P a c k a r d  FM 185  C-E-N A n a l y z e r ) .  
N i t r o g e n  c o n t e n t s  of p l a n t  m a t t e r  h a r v e s t e d  f r o m  t h e  p o t s  ( c f .  
b e l o w )  w e r e  measurec! by t h e  K j e l d a h l  n e t h o d .  
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\ 
T a b l e  1. M a t e r i a l s  ' G r i d '  u s e d  f o r  G r e e n h o u s e  Growth  Tes t s  

w i t h  Grass 

\ 

\ 

1 

imp r e g  n a  t e d  
d r y  mixed + 5% NHt,N03< r 

+ 5% u r e a  - i m p r e g n a t e d  

651115 --t + l o %  u r e a  - d r y  mixed 

<115 L + l o %  u r e a  - d r y  mixed 

i m p r e g n a t e d  + 5% NHt,NO,-  

C o a l ,  HNO - o x i d i z e d  -651115- + l o %  u r e a  - i m p r e g n a t e d  

i m p r e g n a t e d  
+ 5% urea  < d r y  mixed  r 651115 - 
+ 5% NH4N03- d r y  mixed  

i m p r e g n a t e d  + 5% u r e a  - 
+ 1% u r e a  - d r y  mixed 

-<115 5 NEC-I. (-17% X )  

i m p r e g n a t e d  r 6 5 1 1 1 5  - + 5% u rea  < d r y  mixed  

+ 5% NHt,N03- d r y  mixed  

+ 5% u r e a  - i m p r e g n a t e d  

+ 1% u r e a  - i m p r e g n a t e d  

r 2 8 1 4 8  - + 5% u r e a  - i m p r e g n a t e d  

N E C - I 1  ( % 9 %  N) 

N E C - 1 1 ,  HN03-oxid. +---+ 1% u r e a  - d r y  mixed  

L + 5% u r e a  - i m p r e g n a t e d  

( i i )  N i t r o g e n - r e l e a s e  r a t e s  were s t u d i e d  b y  i n c u b a t i o n  
o f  n u t r i e n t - a m e n d e d  s o i l  a n d  s u b s e q u e n t  d e t e r m i n a t i o n  o f  N O 3 -  by  
t h e  s t a n d a r d  p h e n o l  d i s u l p h o n i c  a c i d  me thod  ( 1 0 ) .  T h e  s o i l  w a s  
a 1:l v / v  m i x t u r e  o f  washed  s a n d  a n d  b l a c k  C h e r n o z e m i c  loam t h a t  
h a d  b e e n  t h o r o u g h l y  l e a c h e d  w i t h  d i s t i l l e d  w a t e r ,  a i r - d r i e d ,  and  
s c r e e n e d  t o  < 1 2  mesh.  Test n u t r i e n t s  w e r e  hand-mixed  i n t o  t h i s  
s u b s t r a t e  t o  p r o v i d e  1 0 0  ppm ( a n a l y t i c a l )  n i t r o g e n ,  a n d  t h e  
m i x t u r e s  t h e n  p l a c e d  i n  s t y r o f o a m  c u p s  o v e r  a v e r m i c u l i t e  b a s e  
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( c f .  F i g u r e  1 ) .  I n c u b a t i o n ,  i n  t o t a l  d a r k n e s s  t o  p r e v e n t  a l g a l  
g r o w t h ,  was c a r r i e d  o u t  i n  a c o n t r o l l e d - e n v i r o n m e n t  chamber  a t  
25°C a n d  95-98% r . h .  f o r  1 9  d a y s ,  a n d  r e s u l t s  c i t e d  be low 
r e p r e s e n t  a r i t h m e t i c  a v e r a g e s  of  f o u r  r e p l i c a t e s .  

t e s t  
e r o w t  

( i i i )  Growth  T r i a l s :  P l a n t  r e s p o n s e s  t o  t h e  v a r i o u s  
n u t r i e n t s  u n d e r  g r e e n h o u s e  c o n d i t i o n s  w e r e  m e a s u r e d  b y  - h of  Reed C a n a r y  S e e d  i n  <12 mesh 1:l v / v  Chernozemic  

loam/washed  s a n d ,  t o  which  n u t r i e n t s  e q u i v a l e n t  t o  1 0 0  ppm 
( a n a l y t i c a l )  N h a d  b e e n  added  w i t h  t h e  a i d  o f  a s m a l l  hand-  
c h u r n .  Each p l a s t i c  5 i n .  g r e e n h o u s e  p o t  h e l d  1 0 0 0  gms. o f  
s o i l  a n d  w a s  s e e d e d  w i t h  1.1.0 gm g r a s s  s e e d s .  M o i s t u r e  
c o n d i t i o n s  were i n  a l l  i n s t a n c e s  m a i n t a i n e d  n e a r  f i e l d  c a p a c i t y ,  
b u t  i n  o r d e r  t o  f a c i l i t a t e  g e r m i n a t i o n ,  m o i s t e n e d  f i l t e r  p a p e r  
d i s c s  c o v e r e d  t h e  s e e d s  d u r i n g  t h e  f i r s t  f e w  d a y s  of  t h e  t r i a l s .  

A f t e r  g e r m i n a t i o n ,  t h e  p a p e r  d i s c s  w e r e  removed,  a n d  
g r o w t h  a l l o w e d  t o  c o n t i n u e  t o  a h e i g h t  o f  5-6 i n .  b e f o r e  b e i n g  
c u t .  The  h a r v e s t e d  m a t e r i a l  f rom e a c h  p o t  w a s  t h e n  i m m e d i a t e l y  
p l a c e d  i n t o  t a r e d  p a p e r  b a g s ,  o v e n - d r i e d  a t  6OoC, a n d  w e i g h e d .  
T e s t s  were  f e r m i n a t e d  a f t e r  t h e  t h i r d  c u t ,  when i t  w a s  e v i d e n t  
t h a t  a l l  s u p p l i e s  o f  ' a v a i l a b l e '  n i t r o g e n  h a d  b e e n  e x h a u s t e d .  

R e s u l t s  a n d  D i s c u s s i o n  

A l t h o u g h  t h e  q u a n t i t i e s  o f  n . u t r i e n t  a d d e d  t o  t h e  s o i l  
m i x t u r e  were i n  e a c h  case p r e d i c a t e d  o n  t h e  s u p p o s i t i o n  t h a t  a l l  
n i t r o g e n  f o r m s  w e r e  e q u a l l y  ' a v a i l a b l e '  - a n d  h e n c e  a d j u s t e d  t o  
p r o v i d e  100  ppm a n a l y t i c a l  N - i t  i s  c o n v e n i e n t  t o  t e s t  t h e  
a c t u a l  ' a v a i l a b i l i t y '  o f  t h i s  a d d e d  n i t r o g e n  by a s s u m i n g  t h a t  
a l l  N c h e m i c a l l y  f i x e d  i n  c o a l  a n d  c o a l  p r o d u c t s  i s  a g r o b i o l o g i -  
c a l l y  i n e r t .  E x p e r i m e n t a l  r e s u l t s  h a v e  t h e r e f o r e  b e e n  g r a p h e d  
a s  f u n c t i o n s  o f  ' e f f e c t i v e  N ' ,  i . e .  o f  n i t r o g e n  c o n t a i n e d  i n  t h e  
admixed  u r e a  o r  ammonium n i t r a t e .  

Wi th  r e s p e c t  t o  t h e  r e s u l t s  o f  N-release r a t e  measu re -  
m e n t s ,  t h i s  p r o c e d u r e  y i e l d e d  a p l o t  o f  t h e  fo rm shown i n  F i g u r e  2 ,  
w h e r e  r e l e a s e  r a t e s  a r e  e x p r e s s e d  a s  p e r c e n t a g e s  o f  t h e  u r e a - r a t e .  
T a b l e  2 i d e n t i f i e s  t h e  v a r i o u s  s y m b o l s  wh ich  d i s c r i m i n a t e  b e t w e e n  
t h e  m a j o r  n u t r i e n t  t y p e s .  B e c a u s e  o f  t h e  r e l a t i v e l y  h i g h  n i t r o g e n  
c o n t e n t  o f  N E C  i t s e l f ,  f o r m u l a t i o n s  of N E C  and u r e a  ( o r  ammonium 
n i t r a t e )  c l u s t e r  i n  t h e  r e g i o n  o f  low ' e f f e c t i v e  N '  ( m o s t l y  a t  
< 2 5  ppm N); b u t  l i k e  t h e  o t h e r  n u t r i e n t  m a t e r i a l s ,  a n d  i n  common 
w i t h  t h e m ,  t h e y  a l l  l i e  c l o s e  t o  a s t r a i g h t  l i n e  wh ich  p r o c e e d s  
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f rom t h e  u r e a - p o i n t  ( 1 0 0 / 1 0 0 )  t o  i n t e r s e c t  t h e  o r d i n a t e  w i t h i n  
t h e  r a n g e  o f  v a l u e s  r e c o r d e d  w i t h  unamended s o i l .  F o r  t h e  
e n t i r e  s e t ,  N-release i s  t h u s ,  w i t h i n  t h e  e r r o r  l i m i t s  o f  t h e  
e x p e r i m e n t a l  m e t h o d ,  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  ' e f f e c t i v e '  
n i t r o g e n  a p p l i c a t i o n .  

An a n a l o g o u s  r e s u l t  i s  o b t a i n e d  f r o m  t h e  g r o w t h  t r i a l  
d a t a ,  wh ich  were l i k e w i s e  t r e a t e d  a s  i f  a l l  n i t r o g e n  i n  c o a l ,  
HN03-0xidized c o a l  a n d  NEC were e n t i r e l y  i n e r t .  

Y i e l d s  of  ( d r i e d )  p l a n t  m a t t e r  o b t a i n e d  i n  e a c h  o f  t h e  
t h r e e  h a r v e s t s  a r e  shown i n  F i g u r e  3 (whose  s y m b o l s  a r e  i d e n t i -  
f i e d  i n  T a b l e  2 ) .  The  i n s e t  r e p r o d u c e s  t h e  2nd h a r v e s t  r e s u l t s  
f o r  < 3 0  ppm ' e f f e c t i v e  N '  ( w h i c h  a r e  v i r t u a l l y  c o i n c i d e n t  w i t h  
t h e  c o r r e s p o n d i n g  3 r d  h a r v e s t  y i e l d s  a n d  h a v e  t h e r e f o r e  b e e n  
i s o l a t e d  f o r  g r e a t e r  c l a r i t y  o f  p r e s e n t a t i o n ) .  And t h e  l i m i t s  
w i t h i n  wh ich  r e p l i c a t e s  o f  a n y  o n e  s e t  v a r i e d  a r e  d e f i n e d  b y  
t h e  v e r t i c a l  l i n e s  t h r o u g h  t h e  d a t a  p o i n t s .  

T a b l e  2 .  R e p r e s e n t a t i o n  o f  Tes t  N u t r i e n t s  

F i g .  2 *  F i g s .  3-5 

0- -0- U n t r e a t e d  c o a l  - 
HNO 3 - o x i d i z e d  c o a l  - 0- - 0- 

N E C - I  (1.17% N) - 
N E C - I 1  (% 9 %  N) - a- -v- 
N E C - I 1 1  (1.11% N )  - 
N E C - 1 1 ,  HNOg-oxidized -A- - 8 -  

0- F u l l e r ' s  E a r t h  - 

Q- - A- 

0- 

* E x c e p t  f o r  t h e  f ew p r e p a r a t i o n s  marked  +, 
which  c o n t a i n e d  ammonium n i t r a t e ,  a l l  
n u t r i e n t s  c a r r i e d  ' e f f e c t i v e  N '  i n  u r e a .  

N i t r o g e n  r e c o v e r i e s  - i . e .  t h e  v a r i a t i o n  o f  e a c h  
h a r v e s t ' s ' p e r  p o t  n i t r o g e n '  w i t h  ' e f f e c t i v e  N '  r a t e s  - a r e  
p r e s e n t e d  i n  F i g u r e  4 ;  a n d  t h e  ( p e r c e n t )  n i t r o g e n  c o n t e n t s  o f  
t h e  d r i e d  p l a n t  m a t t e r  a r e  shown i n  F i g u r e  5 .  I n  b o t h  d i a g r a m s ,  
t h e  s y m b o l s  a r e  t h e  same as t h o s e  u s e d  i n  F i g u r e  3 ( c f .  T a b l e  2 ) .  
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I n s p e c t i o n  o f  t h e  1st h a r v e s t  y i e l d s  ( c f .  F i g .  3) 
shows t h a t  s h o r t - t e r m  g r o w t h  w h i c h  d o e s  not s e r i o u s l y  d e p l e t e  
t h e  a v a i l a b l e  n i t r o g e n  s u p p l i e s  i s  a n  u n r e l i a b l e  i n d e x  o f  
n u t r i e n t  p e r f o r m a n c e :  when ' e f f e c t i v e '  N a p p l i c a t i o n s  e x c e e d  
5-10 ppm, y i e l d s  t e n d  t o  b e  a l m o s t  e n t i r e l y  i n s e n s i t i v e  t o  
v a r i a t i o n s  i n  a v a i l a b l e  n i t r o g e n * .  Bu t  t a k e n  i n  c o n j u n c t i o n  
w i t h  s u b s e q u e n t  h a r v e s t  d a t a ,  t h e y  p o i n t  t o  a marked l a c k  of 
u t i l i t y  of N E C .  

Due, i t  a p p e a r s ,  t o  m i n o r  a m o u n t s  o f  h y d r o l y z a b l e  
n i t r o g e n  w h i c h  e x i s t s  i n  N E C  i n  r e a c t i o n  i n t e r m e d i a t e s  ( l ) ,  
most  N E C  s a m p l e s  c a u s e d  s l i g h t  i n i t i a l  i m p r o v e m e n t s  o v e r  t h e  
s o i l  c o n t r o l  ( c f .  1st c u t  d a t a ,  F i g .  3 ) * * .  However ,  t h e s e  
n i t r o g e n  s o u r c e s  a r e  e v i d e n t l y  r a t h e r  q u i c k l y  e x h a u s t e d .  
And b y  t h e  t i m e  o f  t h e  2nd h a r v e s t ,  g r o w t h  s u p p o r t e d  by N E C  
o r  m i x t u r e s  o f  N E C  w i t h  s m a l l  a m o u n t s  o f  u r e a  o r  NH4N03 - 
which  have  by t h e n  a l s o  b e e n  s u b s t a n t i a l l y  e x h a u s t e d  - i s  
i n d i s t i n g u i s h a b l e  f rom g r o w t h  i n  unamended s o i l  o r  s o i l  
c o n t a i n i n g  c o a l .  

Nor  d o e s  a f u r t h e r  l a p s e  o f  t i m e  - t o  t h e  3 r d  h a r v e s t ,  
when ' e f f e c t i v e '  N - s u p p l i e s  h a v e  b e e n  t o t a l l y  d e p l e t e d  - 
i m p r o v e - m a t t e r s .  Growth  remains s t u n t e d  a t  t h e  s o i l  c o n t r o l  
l e v e l .  

I 

J 

I 
T h e r e  i s  p e r h a p s ,  as c o m p a r i s o n  of t h e  1st a n d  2nd 

I 
o f  ' n o r m a l '  p l a n t  c h e m i s t r y ;  a n d  s o  l o n g  as  i t  i s  n o t  a c t u a l l y  1 

A 

h a r v e s t  d a t a  i n  F i g s .  3. 4 a n d  5 s u g g e s t s ,  a n o t h e r  way o f  l o o k -  
i n g  a t  p l a n t  g r o w t h .  T h e r e  a p p e a r s  t o  b e  a d i s p o s i t i o n  f o r  
p r o d u c t i o n  o f  p l a n t  ma t t e r  t o  t a k e  p r e c e d e n c e  o v e r  t h e  demands 

a c u t e ,  a s o i l - n i t r o g e n  d e f i c i e n c y  w i l l  t e n d  t o  b e  r e f l e c t e d  i n  
l o w e r e d  p l a n t - n i t r o g e n  r a t h e r  t h a n  i n  r e d u c e d  f o r m a t i o n  of 
p l a n t  matter.  A f t e r  a h i g h  ' e f f e c t i v e '  N a p p l i c a t i o n ,  2nd I 

h a r v e s t  y i e l d s  ( a n d ,  c o n s e q u e n t l y ,  ' p e r  p o t '  n i t r o g e n  r e c o v e r i e s )  
w i l l  t h u s  b e  g r e a t e r  t h a n  a f t e r  a s m a l l  a p p l i c a t i o n  - b u t  i f  t h e  
n i t r o g e n  s u p p l y  i s  by t h a t  t i m e  b e g i n n i n g  t o  be s e r i o u s l y  d e p l e t e d ,  
t h e  n i t r o g e n  c o n t e n t  o f  t h e  p l a n t  m a t t e r  w i l l  b e  l o w e r .  Where 
p l a n t  c o m p o s i t i o n  r a t h e r  t h a n  q u a n t i t y  i s  i m p o r t a n t  - e . g . ,  i f  

* By i m p l i c a t i o n ,  f e r t i l i z e r  t e s t i n g  a b o v e  t h i s  ( o r  some 
e q u i v a l e n t )  minimum N - l e v e l  is  t h e r e f o r e  l i a b l e  t o  l e a d  
t o  q u i t e  e r r o n e o u s  i n f e r e n c e s .  I t  seems p r o b a b l e  t h a t  
f a i l u r e  t o  r e c o g n i z e  t h i s  p o i n t  h a s  c o n t r i b u t e d  t o  t h e  
c o n f l i c t i n g  r e p o r t s  on N E C  p e r f o r m a n c e .  

- **  An a n a l o g o u s  i n i t i a l  g a i n  i s  o b s e r v e d  w i t h  HNO3-0xidized 
c o a l  i n  w h i c h ,  a s  a l r e a d y  n o t e d ,  v a r y i n g  amoun t s  of 
' a v a i l a b l e '  N e x i s t s  i n  m i n e r a l  m a t t e r - b a s e d  a s s i m i l a b l e  
n i t r a t e s .  

I 
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t h e  p r o t e i n  c o n t e n t  o f  t h e  p l a n t  i s ,  f o r  v a r i o u s  r e a s o n s ,  an  
o v e r r i d i n g  c r i t e r i o n  - o b e r v a t i o n s  o f  g r o w t h  p e r  s e  may t h e r e -  
f o r e  b e  m i s l e a d i n g .  But  a s  F i g s .  4 a n d  5 c l e a r l y  show, N E C  
makes  as  l i t t l e  c o n t r i b u t i o n  t o  c o m p o s i t i o n  as  t o  g r o w t h :  as  
s o o n  a s  i n i t i a l  s u p p l i e s  o f  ( h y d r o l y z a b l e  o r  admixed)  ' e f f e c t i v e '  
n i t r o g e n  a r e  e x h a u s t e d ,  p l a n t  r e s p o n s e s  t o  N E C - r e i n f o r c e d  s o i l  
a r e  i n  no way d i f f e r e n t  f rom r e s p o n s e  t o  unamended s o i l .  

B o t h  f a c e t s  o f  t h e  g r o w t h  t r i a l s  t h u s  l e a d  t o  t h e  
c o n c l u s i o n  t h a t  N E C  - r e g a r d l e s s  o f  w h e t h e r  i t  i s  u s e d  a l o n e  
- o r  i n  c o m b i n a t i o n  w i t h  a n o t h e r  n i t r o g e n  s o u r c e  - i s  a n  e s s e n t i a l l y  
i n e r t  a n d  a g r o b i o l o g i c a l l y  u s e l e s s ,  m a t e r i a l .  No e v i d e n c e  was 
f o u n d  t o  s u s t a i n  t h e  v i e w  t h a t  N E C  f u n c t i o n s  as  a s l o w  N - r e l e a s e  
n u t r i e n t  o r  t h a t  m i x t u r e s  o f  N E C  a n d  u r e a  or'NH4NO3 b e h a v e  
s y n e r g i s t i c a l l y .  

T h i s  c o n c l u s i o n  is i n  n o  way m o d i f i e d  b y  t h e  l e n g t h  
o f  t h e  ammonia t ion  r e a c t i o n  p e r i o d  ( w h i c h  g o v e r n s  t h e  n i t r o g e n  
l e v e l  of NEC) o r  by t h e  manner  i n  wh ich  u r e a  o r  ammonium n i t r a t e  
a r e  i n t r o d u c e d  i n t o  NEC-based f o r m u l a t i o n s .  Ne i the r  t h e  N- 
r e l e a s e  t e s t  n o r  t h e  g r o w t h  t r i a l s  were a b l e  t o  d i f f e r e n t i a t e  
b e t w e e n  N E C  w i t h ,  r e s p e c t i v e l y ,  C9% a n d  1.17% N ;  t o  d i s t i n g u i s h  
b e t w e e n  f o r m u l a t i o n s  c o n t a i n i n g  u r e a  o r  NHbN03 i n  p a r t i c u l a t e  
o r  i m p r e g n a t e d  f o r m s ;  o r  t o  d e f i n e  e f f e c t s  o f  N E C  p a r t i c l e  s i z e .  

S i g n i f i c a n t l y ,  NEC a l s o  f a i l e d  t o  i n f l u e n c e  u t i l i z a t i o n  
o f  ' e f f e c t i v e '  N .  N i t r o g e n  b a l a n c e s  e s t a b l i s h e d  f r o m  t h e  
i n i t i a l  ' e f f e c t i v e '  N - a p p l i c a t i o n  a n d  t h e  t o t a l  N- recove ry  b y  
p l a n t  m a t t e r  o v e r  t h e  e n t i r e  g r o w t h  p e r i o d  show an e f f i c i e n c y  
o f  "-50% r e g a r d l e s s  o f  t h e  t y p e  o r  fo rm o f  t e s t  n u t r i e n t * .  

T h e r e  remains ,  o f  c o u r s e ,  a p o s s i b i l i t y  t h a t  t h e  
p e r i o d  of t h i s  s t u d y ' s  g r o w t h  t e s t s  was t o o  s h o r t  t o  d e t e c t  a 
s l o w  p r o g r e s s i v e  c h e m i c a l  c h a n g e  l e a d i n g  t o  N-re lease  f rom N E C .  
B u t  a l i n e  o f  r e a s o n i n g  p r o c e e d i n g  f r o m  t h i s  a r g u m e n t  i s  
d i f f i c u l t  t o  s u s t a i n  u n l e s s  i t  i s  s u p p o s e d  t h a t  c h e m i c a l  c h a n g e  
i s  i n d u c e d  by s p e c i f i c  s o i l  m i c r o o r g a n i s m s .  We w o u l d ,  i n  t h i s  
c o n n e c t i o n ,  o b s e r v e  

( i )  t h a t  e v e n  m i n i m a l  amoun t s  of  n i t r o g e n  r e l e a s e d  
f rom NEC w o u l d ,  h a d  t h e y  i n  f a c t  b e e n  r e l e a s e d ,  h a v e  b e e n  

* B e c a u s e  o f  t h e  r e l a t i v e l y  s m a l l  amoun t s  o f  ' e f f e c t i v e '  n i t r o g e n  
s u p p l i e d  t o  t h e  s o i l ,  a n d  b e c a u s e  o f  t h e  i n e v i t a b l e  e r r o r s  
a t t e n d i n g  d e t e r m i n a t i o n  o f  a n a l y t i c a l  n i t r o g e n ,  t h e  a c t u a l  
r a n g e  w a s  f a i r l y  w i d e .  But  t h e r e  w e r e  no  i n d i c a t i o n s  w h a t e v e r  
o f  s y s t e m a t i c  dependence  o f  e f f i c i e n c y  o n  n u t r i e n t  t y p e .  
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d e t e c t e d  a t  t h e  t i m e  of  t h e  3 r d  h a r v e s t ;  

( i i )  t h a t  p o s s i b l e  s l o w  a b i o t i c  o x i d a t i o n  o f  N E C  
i n  a w e l l - a e r a t e d  s o i l  ( a n d  c o n s e q u e n t  f o r m a t i o n  o f  a n i t r o g e n -  
r i c h  humic  a c i d  c a p a b l e  of  r e l e a s i n g  a p o r t i o n  o f  i t s  n i t r o g e n  
c o n t e n t )  is u n l i k e l y  i n  v i e w  of t h e  f a i l u r e  o f  H N O 3 -  o x i d a t i o n  
t o  p r o d u c e  s u c h  a c h a n g e ;  and  

( i i i )  t h a t  t h e  c h e m i c a l  i n e r t n e s s  of  NEC ( 1 )  a l s o  
r u l e s  o u t  a b i o t i c  r e d u c t i o n  t o  a n i t r o g e n - r e l e a s i n g  m a t e r i a l .  
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-vorrniculite 
j-c hoorocloth 

F i g u r e  1 .  C o n t a i n e r  f o r  N i  t rogen Release R a t e  Measurements 
( a s  s e t  up f o r  p r e l i n l n a r y  l e a c h i n g  o f  s o i l  m i x t u r e ) :  

I I '  1 I I I  
4 0  60 80 100 20 

Effoctivo N application,ro (uroa loo) 

F i g u r e  2 .  N i t r o g e n  Release as F u n c t i o n  o f  " E f f e c t i v e "  N i t r o g e n  
A p p l i c a t i o n .  ( F o r  m e a n i n g  o f  s y m b o l s ,  c f .  Table  2 ) .  
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3rd. - 
td 

1- E--' ..--- 

Ef fu t i ro  N-application, mg Nhat  

F f a u r c  4.  N l t r o  en Recovery as Function o f  ' E f f e c t i v e "  N i t r o g e n  Appl ica t ion .  
( c f .  lost and l a b l o  X f o r  meaning o f  symbols). 



i 

235 

35 
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2.5 

2.0 
L 
'0 .1.5 
& 

E .c 1.0 

Effoctivo N-opplicotion,mg N/pot 

t '  

F i g u r e  5 .  ? i t r o q e n  C!ntents o f  ( D r y )  P l a n t  M a t t e r  as Funct ion o f  

f o r  w a n i n g  o f  symbols). 
E f f e c t i v e  N i t r o g e n  A p p l i c a t i o n .  ( c f .  T e x t  and T a b l e 2  
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By Herbert  J. West 
Skeis t  Laborator ies ,  Inc. 
112 Naylon Avenue 

. Livingston, New J e r s e y  07039 

In t roduct ion  

Current research  and development a c t i v i t i e s  a r e  demonstrating t h a t  
l i q u i d  and gas f u e l s  can be produced by hydrogenation of c o a l  or  coal- 
der ived o i l  a t  c o s t s  which a r e  i n  s i g h t  of being competit ive with n a t u r a l  
gas o r  f u e l s  from petroleum. 
t o  t h e  Off ice  of C o a l  Research, Department of t h e  I n t e r i o r ,  with t h e  prime 
o b j e c t i v e  of assur ing  t h a t  w e  become s e l f - s u f f i c i e n t  i n  non-nuclear energy 
resources  i n  t h e  f a c e  of d e c l i n i n g  domestic petroleum and n a t u r a l  gas 
reserves.  

Most of this work is being done under cont rac t  

S k e i s t  Laboratories cont rac ted  t o  s tudy t h e  economic cont r ibu t ions  
t o  t h e s e  operat ions from t h e  recovery of non-fuel by-products. 
s tudy  progressed, it became increas ingly  evident  tha t  t h e  production from 
coal  of what we.nou c a l l  l'petrochemicals'l could eventual ly  make just a s  
g r e a t  o r  even a g r e a t e r  c o n t r i b u t i o n  t o  our economy than t h e  production 
of fuel .  Major improvements i n  t h e  design and construct ion of r e f i n e r y  
and petrochemical equipment, toge ther  wi th  production level requirements 
running i n t o  b i l l i o n s  of pounds a year, have completely changed production 
economics i n  coal  conversion from w h a t  they were a t  t h e  time of e a r l i e r  
e f f o r t s  in  this technology. 

A s  our 

Although nas  off-shore and ' foreign o i l  reserves  f requent ly  a r e  being 
found, they a r e  increas ingly  c o s t l y  t o  discover.  The r a t i o  of domestic 
reserve t o  production demand is s t e a d i l y  decreasing; a l ready,  high-grade 
domestic crudes a r e  p r i c e d  aver $3.00 a barrel .  The Alaska d iscover ies  
may postpone t h e  petroleum shortage era; but d e s p i t e  pred ic t ions  of low 
cos t  a t  t h e  well, they a r e  not l i k e l y  t o  r e l i e v e  t h e  cost  picture .  Pipe 
l i n e s  t o  d i s t r i b u t i o n  sites a r e  estimated t o  c o s t  $900 mi l l ion ,  and main- 
tenance and operat ing c o s t s  a t  -6OoF. temperatures w i l l  c o n t r i b u t e  f u r t h e r  
to high t ranspor ta t ion  costs .  

Let us assume, then, that wi th in  t h e  foreseeable  f u t u r e ,  petroleum 
crudes becane s c a r c e  enough o r  c o s t l y  enough t o  th rea ten  their  usefulness  
as fuel .  Also let  us assume that nuclear  energy w i l l  be cheap enough f o r  
e l e c t r i c  automobiles t o  become an economic r e a l i t y  and f o r  e l e c t r i c i t y  t o  
be t h e  p r ime  source of domestic heat. It has been est imated that  before  
the end of the  century,  f a s t  breeder  r e a c t o r s  w i l l  be  supplying power a t  
a s  l o w  a s  b.% per  KWB. 
shortage need not be c r i t i c a l  i n  regard t o  energy requirements. 
from coal  conversion might complement nuclear  energy, but t h e  production 
of petrochemicals from c o a l  could becwe  of even g r e a t e r  s ignif icance.  
The demand for petrochemicals is expected t o  climb t o  35 mi l l ion  tons 
i n  1975, and possibly t o  60-70 mil l ion  tons by 1985. 

It is conceivable,  thezefore ,  t h a t  a petroleum 
Energy 
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Processes f o r  Coal Conversion 

Several  processes f o r  coal conversion a r e  under development. Those 
of major i n t e r e s t  f o r  p o t e n t i a l  chemicals recovery a r e  designed t o  produce 
a syn the t i c  crude f o r  use as a r e f i n e r y  feed. One process*, now being 
engineered f o r  la rge-sca le  p i lo t -p l an t  opera t ion ,  f i r s t  pyrolyzes coa l  
i n  four s t eps  under c lose ly  con t ro l l ed  condi t ions  t o  convert  about one-half 
t h e  coal t o  gas and o i l .  The o i l  is hydrogenated t o  g ive  a syn the t i c  crude- 
o i l  r e f ine ry  feed. 
a s  shown i n  Table  1. 
could g ive  hydrogen cos t s  of less than 15t$/lOOO cu.ft. 

The gas can be  used t o  produce o l e f i n s  and hydrogen 
Credi t ing  e thylene  and propylene a t  cur ren t  va lues  

This low-cost hydrogen could be an extremely important f a c t o r  i n  t h e  
ove ra l l  economics of coal conversion, s ince  hydrogen a t  c o s t s  by conven- 
t i o n a l  steam reforming represent  30-4077 of the cos t  of coa l  hydrogenation. 
The unconverted coa l  o r  "char" w i l l  be hydrodesulfurized and used a s  
powdered fue l .  

Another process operated on a la rge-sca le  p i l o t  p l a n t  b a s i s  a t  Cresap, 
West Vi rg in ia ,  by Consolidation Coal so lva te s  about 2/3 of t h e  coal by 
hea t ing  wi th  a kerosene-type so lvent  under pressure  a t  about 700°F. 
f i l t r a t i o n ,  removal of so lbent  by d i s t i l l a t i o n  and hot-water washing of 
the  e x t r a c t ,  a high q e l t i n g  product is  obtained which is hydrogenated to 
give  t h e  r e f i n e r y  feed. I f  des i r ed ,  t h e  coa l  e x t r a c t  can f i r s t  be t r e a t e d  
by t y p i c a l  tar-processing technology t o  recover t a r  a c i d s  and bases and 
o ther  t y p i c a l  c o a l . t a r  chemicals. 

Af t e r  

The t h i r d  major process,  which has many a t t r a c t i v e  f e a t u r e s ,  is 
the  H-coal process,  developed by Hydrocarbon Research, Inc. Here pul- 
verized coa l  is hydrogenated d i r e c t l y  i n  an ebu l l a t ing  c a t a l y s t  bed, by 
a process similar t o  f l u i d i z e d  bed technology. A s y n t h e t i c  crude is 
obtained d i r ec t ly .  

Estimates of t h e  cos t  of f u e l s  ob ta inable  by these  processes a r e  
given i n  t h e  r epor t s  t o  the Of f i ce  of Coal Resear& by t h e  contractors.  

Chemicals Recovery 

The main purpose of t h i s  paper is  t o  d iscuss  the  recovery of hydro- 
carbon chemicals from these s y n t h e t i c  crudes; bu t  r ega rd le s s  of the 
u l t imate  ob jec t ive  of t h e  opera t ion ,  be i t  chemicals, l i q u i d  or  gaseous 
fue l s ,  t h e  recovery of ammonia and s u l f u r  i s  an  e s s e n t i a l  f e a t u r e  t o  
eliminate a i r  and stream pol lu t ion .  We do not propose t o  go i n t o  d e t a i l s  
of t h e i r  recovery, but t h e  volume is l a r g e  and w i l l  make a s i g n i f i c a n t  
cont r ibu t ion  t o  the economics of t h e  opera t ion ,  as shown in Table  2. 

* COED ( C h a r  O i l  Energy Development) FMC Corporation 
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TABLE 1 

HYDROGEN AM) O L E F I N  YIELDS FROM PYROLYSIS GASES I1 

Coal consumed: 50,000 tons per diem 

Gas volume: 400 MM cu.ft. pe r  diem, co2-H2S-free bas i s  
I 

Compos it ion : VOl.  % I 

co 
H2 
CH4 
c2'c4 

22 
56 
1 7  
4- 5 

I 

'I 
ANNUAL VOLUME OF HYDROGEN AND OLEFINS: 

Value MM $ 
i 

MM lbs./year 

Propylene 
Ethylene 
Hydrogen 

150 ' 4.5 
200 6.5 

135 b i l l i o n  cu.ft. 27.0 
Tota l  38.0 

T A B U  2 

TYPICAL SULFUR, AMMONIA AND TAR ACID 

- Basis: A. Conversion v i a  pyro lys i s  

B. Conversion v i a  so lva t ion  

I 
/ 

t 

h 

I 

. k  
RECOVERIES PER ANNUM 

of 50,000 tons of coa l  p e r  diem 

o r  d i r e c t  hydrogenat ion I 

t 

of 15,000-17,000 tons  coa l  per diem 

Assumes coa l  wi th  3% s u l f u r  content 

Su l fu r  

Tar  acids* 
' Amonia 

A .  B 
M tons Value MM $ M tons  Value MM 8 

400 11 100 2.7 
40-50 1.6-2.0 40-50 1.6-2.0 
40 9.6 40 9.6 

To ta l  va lue  (rounded) 22 1 4  

* Estimates of recoverable  mater ia l  vary from 30,000 t o  100,000.tons 

I 

r 

I ,  

( 
I 

1 

I 
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A l l  t h e  volume f igu res  throughout this  presenta t ion  are  based on a 
r e f ine ry ,  which when opera t ing  on a l l  f u e l ,  would produce 50,000 b a r r e l s ,  
a day of gaso l ine  and f u e l  o i l .  This  r equ i r e s  t h e  pyro lys i s  of approxi- 
mately 50,000 tons  a day of as-received coa l  i n  t h e  f i r s t  of t h e  fore- 
going processes,  where only about onefourth of t h e  coa l  is converted 
t o  o i l ,  o r  15,000-17,000 tons  of as-received coa l  a day i n  t h e  o ther  
two processes. 

and 
The 

Common a l s o  t o  a l l  t h r e e  processes is the  a v a i l a b i l i t y  of phenols 
c re so l s ,  which can be ex t r ac t ed  e i t h e r  before  o r  a f t e r  hydrogenation. 
quan t i ty  of c r e s o l s  p o t e n t i a l l y  a v a i l a b l e  would f a r  more than s a t u r a t e  

the  market; but it would be des i r ab le  t o  e x t r a c t  as much as poss ib le ,  a s  
oxygenated hydrocarbons must be hydrogenated t o  ex t inc t ion  of oxygen 
before  the  reforming s t e p ,  consuming va luable  hydrogen. The volume of 
t a r  ac ids  a v a i l a b l e  is shown i n  Table  2. 

I n  regard  t o  our fu tu re  petrochemical requirements,  t h e  high 
p o t e n t i a l  a v a i l a b i l i t y  of aromatics is the  most s i g n i f i c a n t  f e a t u r e  
of coal hydrogenation. Table  3 shows a rough composition of a COED 
syncrude from Utah C o a l  compared wi th  petroleum crudes. 
no corresponding da ta  a r e  ye t  a v a i l a b l e  on s y n t h e t i c  crudes from o the r  
types of coal, but i t  is be l ieved  that t h e  d i s t r i b u t i o n  of product 
types.does not vary s ign i f i can t ly .  The important f e a t u r e  is t h e  high 
content of naphthenes and aromatic hydrocarbons, which i n d i c a t e s  t ha t  
a f t e r  t h e  seve ra l  r e f i n i n g  s t e p s  and severe  reforming, t h e  t o t a l  
aromatics content could approach 90%. 

Unfortunately,  

Table 4 shows a chromatographic ana lys i s  of another  sample of 
Pi t t sburgh  coal-derived naphtha. Severa l  highly s i g n i f i c a n t  f ea tu re s  
a r e  evident.  The 10.2% of combined methylcyclopentane and cyclohexane 
suggests that it should be easier t o  recover cyclohexane from coal- 
derived naphtha than from petroleum naphthas, which conta in  much less. 
Methylcyclopentane isomerizes t o  cyclohexane by hea t  treatment.  The 
p o t e n t i a l  a v a i l a b i l i t y  from t h e  50,000 barrel opera t ion  would be about 
5,000 b a r r e l s  a day, o r  over 400 mil l ion  lbs.  a year. 

The high content of deca l in s  and te t ra l in  t h e o r e t i c a l l y  could y i e l d  
by reforming about 500 mi l l i on  lbs.  a year of naphthalene a t  much lower 
c o s t s  than by dea lkyla t ing  t h e  a l k y l  naphthalenes i n  petroleum naphthas. 
W e  be l ieve  i t  should be poss ib l e  t o  sepa ra t e  t h e  naphtha of t h e  composi- 
t i o n  shown i n  Table  4 i n t o  two f r a c t i o n s  of 70% and 30%, reform t h e  f i rs t  
f r a c t i o n  for monocyclic aromatics production and s e p a r a t e  a deca l in- r ich  
cu t  from t h e  second f r a c t i o n  f o r  naphthalene production. 



240 

TABLU 3 

TYPICAL COED SYNCRUDE C(IWOSITI0N VS. PETROLEUM CRUDES 

COED Syncrude Naphthenic Pa ra f f in i c  
petroleum crude petroleum crude 

Pa ra f f in s  13.5 40-46 70-75 , 

Alkyl  benzenes 
Polycycl ic  and thio-aromatics 

Naphthenes 57.8 47 19-23 

7-13 7-12 20.8 

* * * * *  

TABU 4 

COMP&lTION OF CWL-DERIVED N A ~ ~  A m R  IS(pIAx HPDROCRACCING 

VOl. % Reform Product 

Pa ra f f in s  
Methyl cyclopentane + cyclohexane 
c7  Naphthenes 

:: 
C l o +  " 
Benzene 
Toluene 
Xylene 
O t h e r  a l k y l  benzenes 

11.4 
10.2 Benzene 
10.7 Toluene 
13.9 Xylene and ethylbenzene 

7.6 Trimethylbenzenes 
6.0 T etramethylbenzenee 
0 
1.4 
3.9 
4.8 

Dicycloparaff ins:  I 

C i s  and t rans-deca l in  10.2 Naphthalene 

Other d icyc loparaf f ins  14.8 

Naphtha lene & 0 4  

T e t r a l i n  ( includes indanes) 3.5 

Hydrindane 1.2 

I' 100 
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Polymethylbenzenes. I f  a l l  the naphthenes including the C6's a r e  
reformed, about 50% of the naphtha would be converted t o  benzene and 
a l k y l  benzenes. The recoverable volumes of benzene, toluene and xylene 
a r e  shown l a t e r .  Of considerable s i g n i f i c a n c e  t o  our p l a s t i c s  and 
coat ings i n d u s t r i e s  is t h e  volume of tri- and tetramethylbenzenes 
obtainable  f r m  reforming of t h e  Cg+ naphthenes. Another a n a l y s i s  of 
coal-derived gasol ine  gives  the percentages of s i g n i f i c a n t  components 
shown i n  Table  5, showing 16 times a s  high a content of durenes a s  i n  
regular  petroleum gasol ine.  Pseudocumene, although much lower, is 
present  i n  s i g n i f i c a n t  q u a n t i t i e s ,  and naphthenic pseudocumene pre- 
cursors  a r e  presumably present also.  

Polvcvclic aromatics. Another s e r i e s  of analyses  was made by the  
A t l a n t i c  Refining Co. on four  f r a c t i o n s  , including middle d i s t i l l a t e  
and gas o i l  from t h e  FMC Syncrude (Table 6). The important fea tures  
a r e  the  high content  of naphthalenes.  t r i c y c l i c  aromatics ,  acenaphthene, 
acenaphthylene and pyrene. Table  7 shows the p o t e n t i a l  a v a i l a b i l i t y  of 
these  compounds from 50,000 b a r r e l s  of feed. 

The t r i c y c l i c  aromatics,  a l though not  ind iv idua l ly  i d e n t i f i e d ,  
a r e  probably of about the  same d i s t r i b u t i o n  a s  those der ived f r a n  coal 
t a r ,  pr imari ly  anthracene,  phenanthrene and fluoranthrene. Separat ion 
of these  products,  including acenaphthene and acenaphthylene, is 
long-established coal- tar  processing technology; but new technologies  
i n  so lvent  e x t r a c t i o n  and f r a c t i o n a l  d i s t i l l a t i o n  could f a c i l i t a t e  
t h e i r  recovery a t  very favorable  costs.  Also,  it may be e a s i e r  t o  
i s o l a t e  them i n  higher  y i e l d  and p u r i t y  from hydrogenated crudes 
than from coal  t a r  s i n c e  the  content of many su l fur - ,  n i t rogen-  and 
oxygen-containing co-products,  which complicate separa t ion ,  has been 
reduced or  e l iminated by hydrogenation. 
t o  pyrene, which has been d i f f i c u l t  t o  i s o l a t e  from coal  tar. 
in which, a s  explained l a t e r ,  there is revived i n t e r e s t ,  is found i n  
t h e  anthracene f r a c t i o n  i n  coa l  ta r .  
in t h e  coal  o i l  is removed as amnonia by hydrogenation t o  s y n t h e t i c  
crude, but it could be ex t rac ted  before  hydrogenation. 

End Uses for  Polymethylbenzenes and Polycycl ic  Aromatics 

The same p o s s i b i l i t y  may apply 
Carbazole, 

About two-thirds of t h e  ni t rogen 

There a r e  numerous e x i s t i n g  and p o t e n t i a l  uses  f o r  t h e s e  mater ia ls .  
Some of t h e  major end-uses a r e  shown i n  Table  8. H. W. Earhart of 
Sun O i l  Co. (see CW Report) ,  Feb. 22, 1969, on polpethylbenzenes)  
lists a wide v a r i e t y  of r e a l  and p o t e n t i a l  uses f o r  t h e  tri- and t e t r a -  
methyl benzenes i n  severa l  f i e l d s ,  p r imar i ly  p l a s t i c s  and coatings.  
Pseudocumene is a l ready  i s o l a t e d  by d i s t i l l a t i o n  from petroleum naphtha 
f o r  oxidat ion t o  t r i m e l l i t i c  anhydride,  which is used mainly f o r  con- 
vers ion t o  t r i - e s t e r s  f o r  p l a s t i c i z e r s  and t o  polyamide-imides f o r  
hea t - res i s tan t  wire coatings.  Durene, 1,2,4,5-tetramethylbenzene, is 
of high i n t e r e s t  i n  t h e  production of p y r o m e l l i t i c  dianhydride,  a l s o  
usad camnercially t o  prepare h e a t - r e s i s t a n t  imide polymOrs f o r  wire  
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TABLE 5. 

SOMF, SIGNIFICAW CCMPONEWS OF COAL-DERIVED GASOLINE 
AND REGULAR NON-PREMIUM GASOLINE (GAS C~OMATOGRAPH) 

Methylcyclopentane 
Cyclohexane 
E t  hylbenzene 
Pseudocumene 
Durene 
Isodurene 

% by Volume 
Coal Typical  regular  
derived petroleum gasoline 

2.2 
3.5 
3.8 
0.6 
2.1 
8.5 

1.5 
0.4 
2.7 
2.8 
0.2 
0.4 ' 

TABLE 6. 

ScplE S I G N I F I W  COMPONE~S OF DISTILIATE CUTS FROM COED SYNCRUDE I 

1 
c u t  1 - 

Boiling range 
% d i s t i l l a t e  

Monocycloparaf f i n s  
Dicycloparaffins 
Indanes and t e t r a l i n  
A 1 ky 1 benzenes 
Acenaphthene 
Acenaphthylene 
T r i c y l i c  aromatics 
Pyrene 
Chrysene 

0.335 
3.8 

71.4 
9.2 
0.9 
7.4 - - 

335-420 
8.3 

55.1 
8.7 

16.4 
9.9 - - 

420-600 600-875 
25.9 48.9 

19.7 4.3 
11.0 3.6 
23.7 8.3 
9.2 4.8 
1.2 6.9 
0.7 11.7 
0.3 4.2 

0.8 - 6.8 

! 
r 
I, 
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TABLE 7 

4 

1 

\ 

\ 

VOLUMES OF POLYCYCLIC A R W I C S  POTENPIALLY AVAILABLE 
FROM A 50,000 BARRELS/DAY REFINERY 

MM lbs./day MM lbs./vear 

Naphthalene 
A cenaphthene 
Acenaphthylene 
Pyrene 
T r i c y c l i c  aromatics* 

1.M 50Ot 
.6 200 
.9 300 
08 26 

.4 130 

- * Probably a t  l e a s t  10% anthracene = 13 MM lbs /year ;  t h e  o ther  
major component is  phenanthrene. 

* 

TABLE 8 

END USES FOR WLYMFPHYLBENZENES AND POLYCYCLIC AROMATICS 

Product 

Pseudocumene 

1,2,4,5-tetramethylbenzene 
(durene) 

1,2,3,5-tetramethylbenzene 
(isodurene) 

Acenaphthene 

Acenaphthy 1 ene 

Pyrene 

Anthracene 

Phenanthrene 

Carba zo 1 e 

End U s e  

T r i m e l l i t i c  anhydride f o r  hea t - r e s i s t an t  
p l a s t i c s  and coatings. 

Pyromel l i t i c  dianhydride f o r  polyimide 
hea t - r e s i s t an t  f i b e r s  and coatings. 

Te t racarboxyl ic  a c i d  esters f o r  non- 
v o l a t i l e  p l a s t i c i z e r s .  

Naphthalic anhydride f o r  chemical spec ia l t i e s .  
Conversion v i a  naphthalimide t o  perylene 
der iva t ives .  

Reactive e thy len ic  monomer f o r  p l a s t i c s .  

Conversion t o  lY4,5,8-naphthalene t e t r a -  
carboxyl ic  a c i d  dianhydride f o r  production 
of super -hea t - res i s tan t  polyimides. 

Production of anthraquinone. 

Oxidation t o  diphenic a c i d  f o r  use  i n  
alkyd r e s i n s  and polyes te rs .  

N-vinyl carbazole  f o r  e l e c t r i c a l  grade 
polymers and photosens i t ive  polymer systems. 
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enamel and f i b e r  production. Its high content  i n  the  coal-derived 
naphtha reformate could eventual ly  lead t o  a p r i c e  canparable t o  t h a t  
f o r  paraxylene, i.e. less than 10$/lb. VS. t h e  cur ren t  50+60$ range. 
The analyses  i n d i c a t e  a p o t e n t i a l  a v a i l a b i l i t y  of about 100 MM lbs .  
a year from the  50,000 bbl. ref inery.  Even l a r g e r  q u a n t i t i e s  of t h e  
1,2,3,5 isomer,  isodurene, appear t o  be avai lable .  This  could be 
oxidized t o  a t e t r a c a r b o x y l i c  a c i d  f o r  e s t e r i f i c a t i o n  to  u s e f u l  
low-vola t i l i ty  p l a s t i c i z e r s .  

Pyrene is of paramount p o t e n t i a l  i n t e r e s t .  Oxidation gives  
1,4,5,8-naphthalene t e t r a c a r b o x y l i c  a c i d  dianhydride,  from which is 
made the  exot ic  pyrrone polymer BBB o r  poly(benzimidazobenzophenanthro1ine) 
dione which, i n  f i b e r s ,  r e t a i n s  s t r e n g t h  up t o  70OoC. 
is being produced and used t o  make drogue parachutes f o r  spacecraf t .  
Pyrene is  d i f f i c u l t  t o  i s o l a t e  i n  high p u r i t y  from coal t a r ,  i n  which 
i t  is assoc ia ted  with benzodiphenylene oxides having t h e  same boi l ing  
poin ts  and s o l u b i l i t y .  
might be reduced o r  e l iminated by hydrogenation, t h e  i s o l a t i o n  of pyrene 
from the heavy gas o i l  f r a c t i o n  from t h e  s y n t h e t i c  crude might not be 
a s  d i f f i c u l t .  
Possibly i t s  i s o l a t i o n  a t  l o w  c o s t  could br ing t h e  p r i c e  of i ts  unique 
pyrrone polymer-der ivat ives  t o  a l e v e l  s u i t a b l e  f o r  i n d u s t r i a l  usage. 

A t  $400.00/lb., it 

Since t h e  content  of materials of t h i s  type 

The p o t e n t i a l  a v a i l a b i l i t y  appears t o  be about 20 MM lbs./yr. 

Acenaphthene and acenaphthylene,  a s  shown i n  Table  7,  a r e  present  
i n  t h e  s y n t h e t i c  crude t o  t h e  ex ten t  of s e v e r a l  hundreds of mil l ion  
pounds. Acenaphthene can be q u a n t i t a t i v e l y  oxidized i n  f ixed  o r  fluid-bed 
converters  t o  naphthalene 1:8 dicarboxyl ic  a c i d  dianhydride which, by 
boi l ing  w i t h  aqueous amnonia, gives  a q u a n t i t a t i v e  y i e l d  of naphthalimide. 
By a l k a l i  fusion,  two molecules-of  naphthalimide condense t o  perylene 
te t racarboxyl ic  a c i d  diimide,used i n  small  anuunts t o  produce pigments. 
The imide r ings can be hydrolyzed back t o  the  dianhydride which, by 
reac t ion  with diamines,  could g ive  polyimides with extremely high hea t  
res i s tance .  The s i t u a t i o n  could be l i k e  that f o r  pyrene. Low-cost raw 
mater ia l  could g ive  product c o s t s  wi th in  a p r a c t i c a l  range. Naphthalic 
anhydride i t s e l f ,  p o t e n t i a l l y  a low-cost product,  has many i n t e r e s t i n g  p o t e n t i a l  
uses.  

Acenaphthylene has been inves t iga ted  on a l imi ted  s c a l e  as  a r e a c t i v e  
monomer capab le  of homo- and copolymerization, but t h e  products t o  date  
have shown no outs tanding performance. 
t o  naphthal ic  anhydride,  but we know of no evidence of th i s .  

Presumably, it also can b e  oxidized 

A t  a low enough p r i c e ,  anthracene would be t h e  prefer red  raw mater ia l  
for  anthraquinone, an important dyestuff  intermediate.  The quant i ty  
a v a i l a b l e  per annum from t h e  50,000 bbl  operat ion would be more than 
enough t o  meet a l l  c u r r e n t  requirements f o r  anthraquinone. 
of this material i s  est imated a t  10-12 m i l l i o n  lbs . /year ,  which, i f  

The production 

I 

I, 
r 

/ 

I r 
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anthracene were t h e  raw mate r i a l ,  world r equ i r e  12-15 MM lbs .  of 90% 
anthracene. Modern d i s t i l l a t i o n  technology could poss ib ly  d e l i v e r  a 
mater ia l  containing only phenanthrene a s  a co-product. Anthracene can 
be separa ted  from phenanthrene by r e c r y s t a l l i z a t i o n  from f u r f u r a l  o r  
pyridine bases. Phenanthrene t o  d a t e  has found but minor uses. It 
can, however, be oxidized t o  diphenic a c i d  which, a t  a low enough pr ice ,  
could be used i n  f a i r  volume in a lkyd  and chemica l - res i s tan t  po lyes te r  
r e s i n s  and a s  an in te rmedia te  f o r  many o the r  i n t e r e s t i n g  polymers. 

Carbazole, a s  previously mentioned, may have been destroyed by 
hydrogenation but ,  i f  demanded, could be recovered from t h e  crude 
before hydrogenation. The demand may increase  subs t an t i a l ly .  

Poly-N-vinyl carbazole has found uses i n  e l e c t r i c a l  app l i ca t ions ,  
and is now being used a s  a photosens i t ive  polymer. 

All-Chemical Refinery 

Recovery of po lycycl ic  aromatics has been emphasized mainly because, 

They represent  
i n  most cases, they  a r e  not r e a d i l y  a v a i l a b l e  from petroleum sources and 
production cos t s  from coal t a r  have been r e l a t i v e l y  high. 
but a small percentage of t h e  t o t a l  volume of hydrocarbons which can be  
produced from t he  s y n t h e t i c  crude. It is t h e  production of o l e f in s ,  
d ienes ,  benzene, to luene  and xylene which w e  expect w i l l  m k e  an  invaluable 
cont r ibu t ion  t o  our f u t u r e  economy. Syn the t i c  crude is a much b e t t e r  feed- 
s tock  than petroleum crudes f o r  BTX production. The l i g h t  naphtha cu t  i s  
j u s t  as good a feedstock f o r  o l e f i n  prpduction, and t h e  CpC4  hydrocarbons 
produced during hydrogenation can be processed t o  o l e f in s .  

Table 9 shows a concept of a production schedule f o r  a chemical 
refinery.  
from coal t o  reformate feed a r e  based on da ta  submitted t o  OCR by Hydrocarbon 
Research, Inc., and t h e  assumption i s  made t h a t  t h e  compodtion of the reformate 
feed is comparable t o  t h a t  o f  t h e  Isomaxate obtained from P i t t sbu rgh  seam 
coal-derived s y n t h e t i c  crude. The la t te r  would reform to  g ive  the product 
d i s t r i b u t i o n  shown i n  Table  11, and is  t h e  only nraterial f o r  which w e  have 
a composition breakdown, a s  shown under naphtha feed i n  Table  11. H a e v e r ,  
we be l ieve  t h a t  t h e  concept is an  ind ica t ion  of what could be accomplished. 
In any case, such a production schedule would be h ighly  f l ex ib l e .  The 
t o t a l  volume and d i s t r i b u t i o n  of o l e f i n s  and butadiene can be va r i ed  over 
wide ranges. 
it, o r  any su rp lus  of i t s  precursor ,  deca l in ,  could probably be i so l a t ed  
and converted t o  supersonic jet  fue l .  
50$/lb. 
increased. 
by f r ac t iona t ion  of t h e  appropr i a t e  a8phtha c u t  o r  by hydrogenating benzene. 
The l a t t e r  method might prove t o  be be t t e r .  

It is l a r g e l y  hypothe t ica l  since the input  and output balances 

Fa r  more naphthalene could be produced i f  condi t ions  warranted 

Decalin i s  c u r r e n t l y  pr iced  a t  over 
Durene recovery could be increased  seve ra l fo ld  i f  t he  demand 

Cyclohexane could be added to  t h e  production schedule e i t h e r  

a 
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TABLE 9 

CONCEPNAL MAJOR PEl'ROCHEMICAL PRODUCTION FR(M 
50,000 BARRELS A DAY REFINERY 

MM lbs./year 

Olefins and butadiene 

Ethylene 
Propylene 
Butadiene 
Butylene 

Aromattcs 

Benz'ene . 
Toluene 
Xylene 
C g t  aromatics 
Pseudocumene 
Durene 
Naphthalene 

585 
140 
370 

60 

Price 
C/lb. 

3.25 
3 .  
8.5 
5 

MM gals.or 
lbs./year 

. 52.3 gals. 20 
65.7 I' 16 
98.2 'I 16.4 
80 13.5 
60 MM,lbs. 6.5 
10 'I 25 

256 3 

GRAND TOTAL 

Value MM $ 

19 
4.2 

' 31.5 
3 

57.7 

10.5 
10.5 
16.1 
10.8 
3.9 
2.5 
7.7 

62.0 

- 

- 
119.7 

'J 

I 

. . i  
/ 
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TABLE i0 

d I E R  PRODUCTS FROM CONCEPWiL SYWHETIC CRUDE REFINERY 

Volume - 
Chemica 1s 

Hydrogen 22 b i l l i o n  cu.ft. 
Tar  acids  82 MM lbs.  
Sulfur  80,000 long tons 
Ammonia 50,000 shor t  tons 

Fuel - 
Fuel o i l  0.4 MM b a r r e l s  
Surplus heavy naphtha 4 MM 

Polvcvclic Aromatics 

Anthracene 10 MM lbs. 
Phenanthrene II 

Pyrene II 

A' c ena ph t h  ene ' II 

Grand T o t a l  

Products from Table 9 

Overall  t o t a l  

Price - 

150/1000 
11.7CIlb. 
$30/ton 
$401 ton  

$2.00 
$2.00 

2oc 
100 
300 
200 

TABLE 11 

COMPOSITION OF REFORMATE FEED AND REFORMATE 
PRDDUCX AITER AROMATICS EXTRACTION 

Naphtha feed 4287 MM lbs. Reformate product: 

Composition: 

Pa ra f f in s  

Naphthenes: 
c6 
c7 
C8 
C9 
C l o t  

Toluene 
C8 arcmatics 

Dicycloparaf f i n s  
Other cyc l i c s  

c9+ 

MM lbs, 

414 Hydrogen 

417 
442 
573 
311 
164 
61 

16 7 
234 

1236 
268 - 

4287 

Benzene 
Toluene 
c8 aromatics 
Cgtaromat ics 
Naphthalene 
Heavy naphtha 
Raf f ina t e  
c1 hydrocarbon 
C? 

L 

c3 :: 
c4 

Value 9 s 

3.0 
9.6 
2.4 
222 
17.0 

0.8 iu! 
8.8 

2 
1 
3 
2 

8 

- 

33.8 
119.7 

153.5 

MM 1ba.MM gals. 

139 ' 

382 52.3 
474 65.7 
707 ' 98.2 
648 90.0 
256 . 

1228 
26 2 
33 
36 
56 
66 

4287 

- 
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The t o t a l  volume of hydrocarbons r ep resen t s  a recovery of about 
. 900 lbs.  from one ton  o f  moisture and ash-free coal. BTX recovery i s  

about 370 Ibs .  a ton VS. about 20  lbs. a s  o r i g i n a l l y  obtained by con- 
ven t iona l  coal and coke technology. About 2000 mi l l i on  lbs. of C1-C4 
gases a year a r e  produced i n  the  i n i t i a l  coa l  hydrogenation and subsequent 
r e f i n i n g  operations. 
e x t r a c t i o n  r a f f i n a t e  t o  o l e f i n s  and butadiene,  it is believed t h a t  t h e  C 1  
f r a c t i o n  plus off-gases should be s u f f i c i e n t  i n  quan t i ty  t o  provide most 
of t he  hydrogen requirements for  t he  o v e r a l l  operation. 

A f t e r  processing t h e  C p C 4  f r a c t i o n s  p lus  the  aromatics 

’ Other chemicals and f u e l s  and t h e i r  estimated value a r e  shown i n  
Table  10. 
The values  a r e ,  w e  b e l i e v e  , conservative. Increased durene o r  naphthalene 
production could add s e v e r a l  mi l l i on  d o l l a r s  t o  t h e  t o t a l .  
naphtha is c red i t ed  a t  f u e l  va lue ,  whereas it could be a va luable  source of 
o ther  ma te r i a l  such a s  decalin.  

The t o t a l  va lue  of a l l  products from Tables 9 and 10 is $153.5 mill ion.  

The surp lus  heavy 

! 
The ove ra l l  m a t e r i a l  balance from c o a l  t o  f i n a l  products is shown in  

Table  12. 

T a b l e  13 shows t h e  pro jec ted  order of p r o f i t a b i l i t y  of the r e f ine ry ,  
Basic hydrogenation us ing  a rounded t o t a l  product va lue  of $150 mi l l ion .  

and r e f in ing  cos t  e s t ima tes  are based on OCB con t rac to r  ,reports.  
investments and opera t ing  c o s t s  f o r  chemicals production are based l a rge ly  
on information provided by major petrochemical engineers. 
i s  15 years  s t r a i g h t  l i n e .  The r e t u r n  on investment a f t e r  taxes  is  8.5% 
and t h e  pay-out time 6.6 years.  This  is f o r  an opera t ion  processing about 
55,000 b a r r e l s  a day of synthetic crude o i l  and consuming v i a  t h e  H--1 
o r  Consolidation Coal process about e mil l ion  tons  of coa l  a year,  moisture- 
f r e e ,  ash-free basis.  An opera t ion  twice t h i s  size,probably r equ i r ing  an 
investment of about $550 mi l l i on  would probably show a r e tu rn  of c lose  
t o  10%. 

The 

Depreciation 

I 

In conclusion, it appears almost c e r t a i n  t h a t  t h e  resurgence of coal 
f a s  a chemical source could make several. important con t r ibu t ions  t o  our 

economy. It could a i d  i n  a s su r ing  se l f - su f f i c i ency  i n  energy resources,  
it co*ild provide a t  low cos t  a l l  t h e  foreseeable  requirements f o r  w h a t  we 
now c a l l  petrochemicals f o r  generations t o  come, and could a l s o  make ava i l -  
a b l e  t o  indus t ry  new f a m i l i e s  of in te rmedia tes  f o r  f i b e r s ,  p l a s t i c s  and 
chemical s p e c i a l t i e s .  

I 

I 

Perhaps t h e  most cons t ruc t ive  production f a c i l i t y  would be  a two-purpose 
100,000 bbls. a day r e f i n e r y  f o r  both f u e l  and chemicals. 
f a c t o r s  would be important. Ref iner ies  could be loca ted  i n  d i s t r e s s e d  
mining areas  such  a s  i n  Kentucky or West Virginia.  
demands, p r o f i t a b i l i t y  da t a  on ind iv idua l  i t e m s  , f r e i g h t  charges,  etc. could 

for o v e r a l l  maximum p r o f i t a b i l i t y .  F i n a l l y ,  it should be noted that t h e  
extremely high polymethyl benzene content of coa l  naphtha reformate ind ica t e s  

Socio-economic 

Fac tors  such a s  market 
I 

I be  in tegra ted  by computer t o  e s t a b l i s h  r e q u i s i t e  optimum production schedules 

1 



TABLE 12 

\ 

7, 

OVERALL MATERIAL BAIANCE FROM COAL T O  ALL FINAL PRODUCTS* (per annum) 
MM lbs .  

Input - Moisture,  ash-free coa l  8378 
Hydrogen 

MM lbs .  

Output: Hydrogen 
Fuel gas 
Ethylene 
Propylene 
Butadiene 
Butylene 

139 
994 
585 
138 
370 

60 

2286 

- 

6 95 - 
90 73 

MM lbs.  MM lbs. 

Benzene 382 Char-coke 1570 
Toluene 474 H20 981 

99 
Naphthalene 256 
Heavy naphtha 1228 2870 

13 7 

3832 

c8 aromatics 707 H2S 220 
cgt 'I 648 NH3 - 

Fuel o i l  - 

T o t a l  output:  2286 
3832 
2870 

Unaccounted f o r  - 85 

9074 

* Based on HRI '?I Coal" hydrogenation procedure 



TABLE 13 

PROFITABILITY OF COAL CHEMICAL REFINERW 

M M S  
Basic investment f o r  naphtha product ion,  

including of f-s i t e  217 
Investment f o r  chemicals production 86.5 

16.5 Additional o f f - s i t e  investment - 
320 

Operating c o s t s  es t imated  a t  $74 MM. 

Product value 
15 year dep rec i a t ion  
Operating c o s t s  
Gross p r o f i t  
After  tax p r o f i t  
Return on investment a f t e r  taxes  
Cash flow 
Pay-out t i m e  

MMS 

150 
21.4 
74 
54.6 
27.3 

48.7 
8.5% 

6.6. years  

/ 

I 

i 
' \  

I 

1 

I 

* Basic investment based on American O i l  Report (Project 6120) 
t o  OCR. This  r e p o r t  was a n  eva lua t ion  of the HRI '?I Coal" pro jec t .  
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t h e  p o s s i b i l i t y  of producing premium loot octane f u e l  without recourse 
t o  lead. Many of t hese  aromatics have research  octane r a t i n g s  exceeding 140. 

Much work would, of course,  be requi red  t o  reduce many of t hese  con- 
cepts  t o  prac t ice .  Much more a n a l y t i c a l  da t a  on process streams is needed. 
The f r a c t i o n a t i o n  of heavy naphtha would r equ i r e  considerable study t o  
sepa ra t e  deca l ins  and t o  t h e  b e s t  of our knowledge, t h e r e  are no a v a i l a b l e  
da t a  on t he  reforming of deca l in  t o  naphthalene. 
so lvent  ex t r ac t ion  methods and f r a c t i o n a t i o n  techniques would have t o  
be s tudied  t o  recover t h e  polycycl ic  aromatics. Ana ly t i ca l  techniques 
must be refined. 

The app l i ca t ion  of 

T h h e l p  and advice of many people was inva luable  i n  obtaining t h e  
bas i c  da ta  f o r  t h e  Ske i s t  r epor t  t o  OCR. W e  acknowledge, with thanks, 
t h e  a s s i s t a n c e  of OCR cont rac tor  personnel a t  E'MC Corporation, Hydrocarbon 
Research, Inc. and Consolidation Coal and of M r .  Harry Jacobs,  A t l a n t i c  
R ich f i e ld ,  Mr.  Walter Linde, Lotepro Corporation and Mr. Eve re t t  Howard, UOP. 
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SULFUR RECOVERY IN THE MANUFACTURE O F  PIPELINE GAS FROM COAL 
' 

c;. 

Ins t i  tute 

U. S. SULFUR NEEDS 

of Gas Technology, Chicago, Illinois 60616 

I 

U. S .  sulfur consumption is growing a t  an increasingly rapid rate. Annual 
consumption increased f rom 5. 5 million long tons i n  the middle 1950's t o  7. 8 
million tons i n  1965, l5 a n  annual increase  of 3.6%. 
million long tons, 8.3 million tons being provided by U. S. production, the r e s t  
f rom stocks and Canadian sour  gas and refinery recovery. '' I 3  

age  inc rease  f rom 1965 to  1967 was 9%/yr .  

Consumption in 1967 was 9.3 

The annual ave r -  

Projections for  1970 and 1975, respectively,  indicate U. S. consumption of 
1 1  and 17 million long tons /yr. Market  projections a l so  allow for 2.7 and 
5. 0 million tons /yr fo r  export in addition to  the above. This  is a big increase 
over  the 1.3 million tons exported in 1967. If the  exports a r e  included, U. S. 
sulfur needs would increase  100% ove r  1967 figures by 1975. l3 

l5 

A l a r g e  part  of this increase  may b e  me t  by desulfurization of fuels. It is  
es t imated that about 12 million tons of sulfur is emit ted yearly to the atmosphere 
in  the U. S. by fuel combustion processes .  6p l4 This exceeds the cur ren t  U. S. 
sulfur consumption. Not a l l  of this is readily recoverable,  however. 

The public concern over  air pollution, resulting i n  the need for  desulfuriza- 
tion of fuels anddor flue gases;  the availability of desulfurization processes ;  and 
the expanding need for  sulfur will combine to make desulfurization a reality. 
Currently,  about 70% of U. S. sulfur supplies a r e  met  by F r a s c h  sulfur; over  80% 
of U. S. production is by this method. Fu tu re  expansion will requi re  other 
source  s. 

SULFUR IN U. S. COALS 

In l e s s  than a generation we will have to mee t  par t  of the demand for liquid 
and gaseous fuels by conversion of coal and oil shale. This paper  is limited t o  
the recovery of sulfur during the conversion of coal to pipeline-quality gas by 
hydrogenation. In the manufacture  of pipeline g a s  f rom coal most  of the sulfur 
i s  a l so  gasified. Regard less  of whether the  coal is burned conventionally o r  
converted to gas, its sulfur content i s  of grea t  importance. 

The rank, sulfur content. and sulfur type of the coal r e se rves  of the United 
States have been published by the U. S. Bureau of Mines. 
i r o m  0. 2 %  o r  i e s s  to 7 %  by weight on a d r y  basis.  l o  Of the total es t imated U. S. 
coal r e s e r v e s  of a l l  ranks,  as of January  1. 1965, 65% is low-sulfur coal (1 .0% 
o r  less).  This 65% includes 91 % of the lignites, over  99 % of the subbituminous, 
and 97% of the anthracite coals. 
medium-sulfur coals (1. 1-3.0%), and 2 0 %  as high-sulfur coals (over 3.0%). 

Sulfur levels range 

Fifteen percent  of the coals a r e  classified a s  
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The latter two c l a s ses  include 70% of the bituminous coals. 
high-sulfur coal is e a s t  of the Mississippi and 
se rves  in  that section of the country. '' 

Two-thirds of the 
comprises  43 % of the total re- 

Sulfur occurs in  coal in  th ree  forms:  1) combined with the organic coal 
substance, 2)  combined with i ron  (pyritic), and 3) combined as  sulfate.3 Gen- 
erally,  organic sulfur predominates in  low-sulfur coals. 
c r eases ,  both organic and pyritic f o r m s  increase.  
coals is usually l e s s  than 0.05%. 

A s  total sulfur in- 
Sulfate sulfur in  unweathered 

' 

MANUFACTURE O F  PIPELINE GAS 

Conversion of coal t o  pipeline-quality gas  by hydrogasification is shown in 
Figure 1, which is a simple block flow d iag ram giving basic s t eps  i n  the process  
used. Ground, raw bituminous coal is pre t rea ted  b y  a mild air  oxidation to pre- 
vent agglomeration during hydrogasification. 
sis gas generated by the electrothermal gasification of hydrogasifier char. 
Hydrogasifier effluent i s  scrubbed to remove COz and HzS and then sent to 
methanation to produce 950 B tu /CF  heating value gas. 
covery of sulfur fo r  this process  we have considered two cases :  
sulfur coal containing 4 .4% sulfur, and a low-sulfur coal containing 1. 5% sulfur. 
These cases a r e  based on pipeline gas plant designs fo r  two different Pittsburgh 
s e a m  coals. 
used throughout this study, sulfur inputs a r e  739 and 199 tons/day for  high- and 
low-sulfur coals. 
tion process.  

Hydrogen is supplied by synthe- 

In reviewing the re- 
a high- 

For  the pipeline gas production capacity of 250 billion Btu /day, 

Table 1 sumxnarizes the distribution of sulfur i n  the gasifica- 

Table 1. DISTRIBUTION O F  SULFUR IN HYDROGASIFICATION PROCESS 

Low-Sulfur Coal 

Tons Sul fur /  
St r eam-  Day % 

199 100 Raw Coal 
As SOz in  Pretreatment  Off-Gas 30 15. 1 
In Pretreatment  Fines 5 2. 5 
In HzS F r o m  Hydrogasifier 158 79.4 
Residue Char 6 3.0 

High-Sulfur Coal 

Tons Sulfur / 
Stream-Day A 

739 100 
166 22.5 

15 2.0 
48 7 65.9 

71 9.6 

During pretreatment about 15-25% of the sulfur is oxidized to  SOz. 
remaining sulfur i s  converted to H2S during the hydrogasification of the pre t rea t -  
ment char. 
hydrogasifier char  is  essentially sulfide. 

Most of the 

Sulfur i n  the This includes virtually all organic and pyritic sulfur. 

In this study we have considered sulfur recovery in  two phases: 
1) f r o m  H2S only by the Claus P rocess ,  with SO2 vented o r  scrubbed out of the 
gas without elemental sulfur recovery,  and 2) f rom both HzS and SOz. 
and 3 show the distribution of sulfur fo r  the f i r s t  phase only. 
t he re  is a l a rge  amount of pyrit ic sulfur. 
tains 1. 7% sulfur, l a rge ly  as  sulfide sulfur. 
sulfur is gasified and re turns  t o  the hydrogasifier a s  HzS in  synthesis gas. 

. 

Figures  2 
In high-sulfur coal 

The char  f r o m  hydrogasification con- 
W e  have a s sumed  one-half of this 

I 
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This i s  a conservative assumption; pilot plant data indicate ,even more  sulfur 
will be gasified. 
0. 1 % sulfur  and is assumed to pass  through the electrogasif ier  unchanged. 

F o r  the low-sulfur case, the hydrogasifier cha r  contains only 

SULFUR RECOVERY FROM HzS 

Hydrogen sulfide feed t o  the Claus plant is contained in  acid g a s  stripped 
f rom the scrubbing solutions in the purification section. Because of the la rge  
amount of C 0 2  present, the HzS concentration in  this s t r e a m  is low, 6 and 2 %  
for  the high- and low-sulfur coals. 
two separa te  
9 0 %  of the H2S, while absorbing only 2 5 %  of the C02 in  a short ,  "quick contact" 
section of the absorber .  
covery plant feed can be  ra i sed  to  18.7 and 6%,respectively. Although the total 
amount of sulfur available is reduced,at higher HzS concentrations costs  per  ton of 
recovered sulfur a r e  great ly  lowered. Also.the percentage sulfur recovered 
f rom the Claus plant feed is raised s o  that in  the low-sulfur case  overall re-  
covery i s  somewhat higher. - 

By modifying the scrubbing sys tem to  have 
scrubbing liquid s t r eams ,  it i s  possible t o  selectively recover 

By this method, the HzS concentrations in  the sulfur re-  

Table 2 sur+marizes the  economics for recovery of sulfur  f r o m  the HzS. 
F igure  4 gives a flow sheet represent ing the process  scheme. 
methods and costs 'for sulfur  plants a r e  based on published information and pri- 
vate communication with Pan American Pe t ro leum Corp. 49 9r I '  

Processing 

Figure 4 shows the d i r ec t  oxidation and split-flow processes  used t o  pro-  
duce sulfur f rom HzS depending on the concentration of H2S in the feed s t ream. 
Direct  oxidation w a s  used  in  all except the 18.73%/H2S concentration s t r eam case,  
where the split-flow p rocess  was used. . 

Generally, a two-reactor  sys t em is used for  optimum sulfur recovery. The 
gases  f rom f i r s t  reactor  a r e  cooled for  sulfur condensation, preheated,and sent 
to  second reactor  where  additional sulfur is recovered. 

Af te r  sulfur recovery f r o m  the second reac tor ,  the gases  go to a n  incinera- 
to r  and a r e  heated to 1200°F.  where residual HZS is converted to SOz. If SOz f rom 
pre t rea tment  off-gas is being recovered, the incinerator  gases  a r e  cooled and 
sent  t o  SO2 extraction; o therwise ,  they are  vented. 
a s  fuel f o r  preheating the gases going to  the reac tor  and for  the incinerator. 

Electrogasif ier  char  is used 

Direct  Oxidation P r o c e s s  

In th i s  process  a i r  and the H2S s t r e a m  are preheated and passed  over the 
catalyst beds for conversion to sulfur. 

Split-Flow Process  

In spl i t  flow, one-third of the HzS,burned in a furnace boi ler  to  produce 

The hea t  generated in burning H2S is used to  produce s team 
SO2,is combined with bypassed H2S stream and i s  then passed over  a catalyst  bed 
to produce sulfur. 
a s  a by-product. 
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Three out of the fou r  cases  in  Table 2 have lean  acid-gas feed, 2 to 6 %  
HzS, and make use of the d i r ec t  oxidation process.  
HzS, the split-flow process  is used. 
duces sulfur recovery plant investment for  a given capacity, particularly in the 
range f r o m  2 to 20%. 

In the fourth case ,  18.7 % 
Raising the percentage of HzS greatly re- 

Economics of Sulfur Recovery F r o m  H2S 

Sulfur recovery ranges f rom 98 to  370 long tons/day for  1. 5 and 4.4% 
sulfur i n  the coal. 
financing, v a r y  f rom $24 to $5.l/tOn as a break-even coat (Table 2). Capital 
charges  a r e  treated the same as for the pipeline-gas-from-coal plant except 
there  i s  no re turn  on investment o r  income tax. The coat is  enough t o  cover 
operating and capital charges s o  the price of pipeline gas is the same as if there  
were  no sulfur: 53d/million Btu. Financing i s  65% debt and 35% equity, depre- 
ciation i s  5%/yr ,  and the in te res t  ra te  i s  5% on outstanding debt, 
summarized in Table 2. 

Recovery costs, with capital charges  based on utility-type 

Costa a r e  

The effect of the sulfur by-product on the price of pipeline gases  i s  shown 
graphically i n  F igures  5 and 6. 
Btu with no eLemental sulfur recovery. 
covery and the small amount of sulfur obtained f r o m  low-sulfur coal, the effect 
of sulfur recovery on gas price is slight: l d  o r  l e s s  p e r  million Btu. With high- 
sulfur coal the effect is  much more  significant, ranging f r o m  just  under  2d to  
over 4. 5d/million Btu as sulfur marke t  pr ice  inc reases  f r o m  $20 to  $40/ton. 
Raising the percentage HzS in the feed has  a significant effect on the cost  p e r  ton 
of sulfur, but only a small effect on the pr ice  of pipeline gas. A change of $1 
million in investment fo r  a 250 billion Btu/day plant, representing 25-50% of the 
cos t  of the sulfur recovery section, wil l  change the pr ice  of pipeline gas by about 
0. 25dlmillion Btu. 

The base pr ice  of pipeline gas  i s  53dImillion 
Because of the higher unit cost  of re- 

SULFUR RECOVERY FROM SO2 AND H2S 

Recovery of sulfur f r o m  H2S st i l l  leaves substantial amounts of SOz vented 
to the atmosphere f r o m  the coal pretreatment  and sulfur plant incinerator off- 
gases. 
ing on whether the HzS concentration in the feed to the sulfur recovery plant i s  
ra i sed  by modifications i n  the pipeline gas purification section. 
third of the sulfur entering the plant with the coal. 
tion is about 0.670. 
vented, with an  average concentration of about 0.3 %. 
a r e  s imi la r  t o  those i n  power plant flue gases ;  therefore,  techniques applicable 
fo r  SO2 removal f rom power plant flue gases should be applicable t o  flue gases 
f r o m  pipeline-ga s-from-coal plants. 

Fo r  high-sulfur coal the total i s  239.3 t o  254.3 tons /day of sulfur depend- 

This is  one- 
The effluent SOz concentra- 

F o r  the low-sulfur coal, 66-78 tons /day of sulfur as SOz i s  
These SO2 concentrations 

A la rge  number of p rocesses  a r e  in  various s tages  of development at p re s -  
Review of these is  beyond the scope of this study. The SOz can be removed ent. 

and discarded in chemical combination with l imestone a s  i n  the Combustion E n -  
gineering P rocess ,  ' extracted and liquefied a s  i n  the Wellman-Lord P rocess ,  
' 9  ''* " 
verted to elemental  sulfur as  i n  the Alkalized Alumina Process . '  

converted to  sulfuric acid a s  in the Monsanto Cat-Ox Process ,  I s 6  o r  con- 
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SO2 Removal 

F o r  removal of SOz f r o m  pretreatment  and incinerator  off-gases i n  our 
sys t em without elemental sulfur recovery we have considered removal by the 
alkali  -injection, wet-scrubbing process.  Although definitive costs  a r e  not 
available, published data indicate a range of costs. We have assumed a n  
average pr ice  of $10 /ton of S O z .  
cost of remo-1 must  be added to the price of the pipeline gas without credi t  for  
by-products. 
Btu; for  high-sulfur coal, it is 1. ?d/million Btu. 
cated i n  Figures  5 and 6. The sensitivity is such that, for each$ l  /ton change i n  
SO2 removal cost, the effect  on pipeline gas pr ice  is 0 . 0 5 d  and 0.17d/rnillionBtu 
for  low- and high-sulfur coals. 

‘8 

Since  no additional sulfur is produced, the 

F o r  the low-sulfur coal the additional cost is about 0.5d/million 
These added costs  are indi- 

As a resul t  of the additional costs  fo r  SO, removal, for  low-sulfur coal the 
pr ice  of by-product sulfur will have to be about $35/long ton to balance the costa 
of desulfurization (Figure 5). However, even with sulfur at $20/ton. the penalty 
is only about 0. 5d/million Btu of pipeline gas. 
coal, as long a s  by-product sulfur sel ls  for  $20/ton o r  higher, pipeline gas pr ice  
will not be penalized by cos ts  of desulfurization (Figure 6). 

F o r  a plant using high-sulfur 

Although cur ren t  pr ices  fo r  sulfur a r e  a t  the $40 /long ton level, future 
pr ices ,  with adequate o r  oversupply. could dep res s  the pr ice  to  $30 or less. 
Since pipeline-gas-from-coal plants will  operate i n  the future, we have con- 
s idered $40 /long ton a s  a conservative maximum in  a range of $20-$40/long ton. 

In a pipeline-gas-from-coal plant, the production of l a rge  amounts of HzS 
during hydrogasification br ings a n  advantage in sulfur recovery f rom SOz that i s  
not present  i n  a power plant. 
“flue“ gases  can b e  sent  to  the sulhr recovery p@nt and reacted with HzS ex- 
t racted f rom the hydrogasifier effluent according t o  the Claus reaction: 

The SO2 extracted f r o m  the pipeline gas  plant 

SO, + 2HzS 4 2HzO + 3 s  

L e s s  combustion of H S  is required to maintain the required H2S/SOz ratio 
This may  requi re  more  fuel, but it eliminates the need for  separate 

A recent announcement briefly descr ibes  
Some 

of about 2. 
reduction of SO2 t o  r ecove r  the sulfur. 
a process  i n  which sulfur is produced by catalytic reaction of HzS and SOz.  
of the SOz reacts  with methane to  make more  H2S. A pipeline gas plant a l ready 
h a s  the necessary H2S. 

Published information on the Wellman-Lord P r o c e s s  shows production of 
liquid SO,. In  t h i s  process .  SOz i s  removed by scrubbing the flue gas with a 
solution of potassium sulfi te precipitated a s  potassium pyrosulfite. 
are recovered and dissolved i n  water,  and SO, i s  str ipped out with s t e a m  
the s t eam is condensed and the SOz is compressed and liquefied. 

SOL Recovery 

l ished costs  fo r  the p r o c e s s  ’‘’ ” and the pipeline gas  capital charges  described 
above, the cos t  of SO2 extract ion for  our application might range f r o m  $11 to 
$15/ton of SOL. Contact with Wellman-Lord indicated that extraction of SO2 in 
the pretreatment  off-gas and i n  the sulfur recovery plant incinerator flue gas 

The crystals  
Then 

For  our  application we would not need to  liquefy the SOL. Based on pub- 

‘ 4  

I 
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could b e  feasible and could be  s impler  than in  a propo'sed power plant sys t em 
making pure liquid SOz. Although we do not have a specific design for our  s y s -  
t em,  i t  appears  that a n  SOz extraction cost  of $10 to $1 5/ton i s  a representative 
range for this process  application. 

I 

i 

We have made preliminary es t imates  of the cgst  of SO2 extraction based 
on published costs for the alkalized alumina process.  5 9 6  This p rocess  requi res  
the generation of a producer gas t o  regenerate the absorbent, producing HzS 
which i s  then fed to the Claus plant to yield elemental sulfur. Published invest- 
ment costs were adjusted to our capacities. Incremental  SO2 removal cos ts  
ranged f r o m  $25/ton for  the high-sulfur coal to over  $50/ton for the low-sulfur 
coal. Since the high HzS /SOz ratio produced i n  the pipeline gas plant makes re -  
duction of SOz unnecessary,  this process  would be a t  the high end of the cos t  
range for  SOz extraction in  our application. 

Figures 7 and 8 show the flows of sulfur through the pipeline gas and de- 
sulfurization systems for the l. 5 and 4 . 4 %  sulfur coals. 
day. In these sys tems,  sulfur i s  obtained f rom SOz a s  well a s  HZS. Flue gas 
f r o m  pretreatment and f r o m  the sulfur plant incinerator goes to  SO2 extraction 
where 90% of the SO2 i s  recovered and sent to the Claus unit. 
the concentrated HzS s t r e a m  i s  obtained f r o m  pipeline gas  purification. 
reduces the cost  of the HZS recovery. 
a s  SOz. Sulfur recovery i s  increased f r o m  110 to 160 long tons/day for  low- 
sulfur coal, and from 3 7 0  to 5 3 2  long tons /day for  high-sulfur coal. 
sulfur coal the amount of SOz extracted exceeds one-half the HzS, so a smal l  
amount is  liquefied. 

Numbers  a r e  i n  tons /  

With this system, 
This 

Unrecovered H2S is burned and recycled 

With high- 

Costs for Sulfur Recovery F r o m  H2S and SO, 

Table 3 summarizes  cos ts  of sulfur recovery for combined SO2 extraction 
and Claus plant operation; resu l t s  a r e  depicted graphically in F igu res  9 and 10. 
Variables a r e  the cost  of SOz extraction and the sale price for sulfur a t  the pipe- 
line gas plant. 

F o r  low-sulfur coal (Figure 9) desulfurization improves the price of gas 
slightly, about 0. 5d/mill ion Btu. i f  sulfur can be sold at $30 /ton. If sulfur f r o m  
SOz i s  not recovered but SO2 is scrubbed out and only the sulfur f r o m  HzS i s  r e -  
covered (Figure 5),sulfur c red i t s  just about balance the costs for  desulfurization. 

With high-sulfur coal the effects a r e  much g rea t e r  because there is  over 3 
Sulfur recovery substantially lowers  the price t i m e s  a s  much sulfur recovered. 

of gas if the sulfur price i s  $25/ton o r  better. 
be t t e r  and a n  SOz extraction cost  of $15/ton, the price of gas  i s  lowered by 3 d -  
5d/million Btu. If SOz is  removed and only sulfur f r o m  HzS recovered, then the 
price i s  about 51. 5dlmill ion Btu. Even at $20/ton and full desulfurization, re- 
covery of sulfur f r o m  HzS and SOz has an  advantage of Id over  the alternative. 
This is because,  even though it costs $15/ton SO2 ($30  /ton sulfur) t o  ex t rac t  SO2 
fo r  sulfur recovery and $IO/ton ($20/ton sulfur) to remove it as  CaSO.,, the 
sulfur recovered m o r e  than pays f o r  this differential cost  of sulfur removal. The 
pr ice  of sulfur would have t o  drop to  well below $20/ton before i t  is l e s s  econom- 
i ca l  to recover  i t  than to remove and d iscard  it. 

At a sulfur price of $30 /ton o r  
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The above applies, however, only to the situation where the SOz is not 
released to  the atmosphere. If  SO, can be vented, then the re  is not much eco- 
nomic advantage i n  recovering that sulfur which i s  converted to SOz i n  the proc- 
ess. If a i r  pollution standards require SO2 removal, then i t  appears  more  eco- 
nomical to recover i t  as  sulfur than a s  sulfate. 

In  the manufacture of pipeline gas  f rom coal by hydrogasification, high- 
sulfur coal is more  of a n  a s s e t  than a liability. The production of H2S facilitates 
sulfur recovery from both SO, and HzS and has  the potential of reducing gas price 
by seve ra l  d/million Btu. Hydrogen consumed in making HZS is only 0.75dl  
million Btu. Viewed as a source of sulfur, high-sulfur coal i s  a higher grade 
raw mater ia l  for gasification, and the costs of desulfurization i n  a g a s  plant 
based on th i s  coal will yield a greater re turn  than with low-sulfur coal. 
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Hydrodesu l fu r i za t ion  of Bituminous 

C. A .  Gray, M. E .  Sacks,  and R. 

FMC Corpora t ion  

P . O .  Box 8 
P r i n c e t o n ,  N e w  J e r s e y  

Chemical Research and Development 

Coal Chars 

T .  Eddinger 

Center  

One of t h e  p roduc t s  o f  many of t h e  c o a l  conversion processes  
now under  development is a porous semi-coke o r  char .  I n  t h e  course  o f  
work under  P r o j e c t  COED (Char g i l  Enerqy Development), c a r r i e d  o u t  by 
FMC Corpora t ion  under  snonsor sh ip  of t h e  O f f i c e  of  Coal Research of t h e  
U .  S.  Department of  t h e  I n t e r i o r ,  a process  has  been developed f o r  t h e  
d e s u l f u r i z a t i o n  of  such c h a r s .  The d e s u l f u r i z a t i o n  of  char  proceeds i n  
s e v e r a l  chemical s t e p s .  These a re :  i 

1. React ion of s u l f u r  s p e c i e s  wi th  hydrogen t o  form H2S. I 
2 .  D i f fus ion  of t h e  H 2 S  from t h e  c h a r  i n t o  t h e  bulk  gas .  
3. Absorpt ion o f  t h e  gaseous H 2 S  by an accep to r .  
4 .  Regenerat ion of t h e  a c c e p t o r  w i th  product ion  o f  

T h i s  paper t r e a t s . s t u d i e s  of t h e  f i r s t  t w o  s teps.  

by-product s u l f u r .  

A subsequent  
paper  d e s c r i b e s  t h e  accep tance  of  H2S under process  c o n d i t i o n s  and t h e  
r e g e n e r a t i o n  of t h e  H 2 S  accep to r .  

1 
t 

c Work by Conso l ida t ion  Coal Company(1. 5, e s t a b l i s h e d  t h a t  high- 
t empera tu re  hydrogenat ion  i s  e f f e c t i v e  i n  d e s u l f u r i z i n g  cha r s  from 
Pi t tsburgh-seam coals. Equ i l ib r ium iso therms f o r  t h e  exchange of  
s u l f u r  between gaseous hydrogen s u l f i d e  and s u l f u r  i n  t h e s e  chars w e r e  

0.5 p e r c e n t  hydrogen s u l f i d e  o r  less could  be expected.  However, k i n e t i c  
d a t a  and data on t h e  e f f e c t  o f  p rocess  v a r i a b l e s  such as p r e s s u r e ,  t e m -  
p e r a t u r e  and gas v e l o c i t y  w e r e  n o t  a v a i l a b l e .  Such d a t a  w e r e  needed t o  
de te rmine  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of  i n c o r p o r a t i n g  cha r  
d e s u l f u r i z a t i o n  i n t o  t h e  COED concept .  For  t h e s e  reasons ,  t h i s  exper i -  

measured. These i so the rms  i n d i c a t e d  t h a t  e q u i l i b r i u m  concen t r a t ions  of I 

menta l  program was under taken  t o :  

1. Demonstrate t h e  t e c h n i c a l  f e a s i b i l i t y  of  d e s u l f u r i z i n g  

2.  I d e n t i f y  t h e  impor tan t  p rocess  v a r i a b l e s  a s s o c i a t e d  

3 .  Obtain k i n e t i c  d a t a  f o r  t h i s  process .  

COED c h a r s  by  a high-temperature  hydrogenat ion p rocess .  

wi th  t h i s  p r o c e s s  s t e p .  

Experimental  Apparatus  

Th'e exper imenta l  system 'is shown i n  F igure  1. The reactor w a s  
a two-foot  s e c t i o n  o f  3/4- inch,  schedule  40, t ype  316, s t a i n l e s s  Steel 
p ipe .  A 22-inch long  thermowell  of l / l - i n c h  O.D. s t a i n l e s s  s teel  
t u b i n g  ran  up t h e  c e n t e r  of t h e  r e a c t o r .  A 14-mesh sc reen  was welded 
to t h e  thermowell  about  o n e  f o o t  from t h e  bottom of  t h e  r e a c t o r  t o  
s u p p o r t  t h e  char  bed. 

The r e a c t o r  w a s  mounted v e r t i c a l l y  i n  a one-foot- long t u b u l a r  
e l e c t r i c  furnace  (Basic P roduc t s  Corp.,  Model MK70). Power t o  t h e  
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fu rnace  w a s  c o n t r o l l e d  by an au to t ransformer .  
monitored by a chromel-alumel thermocouple. Reactor pressure w a s  
measured wi th  a gauge. 
a wet t e s t  meter i n  series,  and vented t o  t h e  atinosphere. Gas flow 
r a t e  and r e a c t o r  p re s su re  were c o n t r o l l e d  wi th  need le  v a l v e s  (1) and 
( 4 ) .  

The tempera ture  Was 

Off gases  w e r e  metered through a ro t ame te r  and 

Run Procedure 

A p lug  of ceramic wool was p o s i t i o n e d  on t o p  o f  t h e  suppor t  
s c reen .  Then a weighed sample cha r ,  from which t h e  minus 200-mesh 
p a r t i c l e s  had been s i eved ,  w a s  charged on t o p  o f  t h e  wool plug.  A 
second ceramic wool p lug  was placed on t o p  of t h e  bed t o  prevent any 
ca r ryove r  of f i n e s  i n t o  t h e  rest  of t h e  system. 

The r e a c t o r  was p o s i t i o n e d  i n  t h e  fu rnace  t o  l o c a t e  t h e  char  
bed i n  t h e  c e n t e r  o f  t h e  hea ted  zone. The thermocouple was i n s e r t e d  
i n t o  t h e  thermowell  t o  measure t h e  tempera ture  of t h e  bed. 

wi th  n i t r o g e n  be ing  purged through t h e  r e a c t o r .  
t empera ture  had been reached,  hydrogen was in t roduced  i n t o  t h e  system. 
T h i s  marked t h e  s t a r t  of t h e  r u n .  
a d j u s t e d  t o  t h e  d e s i r e d  l e v e l s .  T h e s e  ad jus tments  took less than  two 
minutes .  For t h e  two- and f ive-minute  runs ,  t h e  hydrogen rate was 
p r e s e t  a t  room tempera ture ,  so t h a t  t h e  d e s i r e d  c o n d i t i o n s  were 
a t t a i n e d  a t  tempera ture .  A f t e r  t he  run ,  t h e  r e a c t o r  w a s  d i sman t l ed ,  
and t h e  t r e a t e d  cha r  weighed and analyzed f o r  weight  p e r c e n t  s u l f u r .  

The furnace  and r e a c t o r  were brought  up t o  r e a c t i o n  temperature 

Gas f low rate and p r e s s u r e  were then  

A f t e r  t h e  d e s i r e d  

Char was o r i g i n a l l y  analyzed us ing  t h e  s t a n d a r d  Eschka method. 
Subsequent ly ,  ana lyses  w e r e  made us ing  an X-ray emiss ion  (XRS) method 
i n  o rde r  t o  exped i t e  o p e r a t i o n s .  Analyses of t h e  o f f  g a s  were 
a t tempted ,  b u t  c o n s i s t e n t  r e s u l t s  were n o t  ob ta ined .  

Devia t ions  between t h e  t w o  methods were random a s  t o  s i g n ,  and 
were w i t h i n  t h e  combined p r e c i s i o n  of  t h e  t w o  methods. The p r e c i s i o n  
of  t h e  Eschka method i s  5 0 . 1  p e r c e n t  s u l f u r ;  t h a t  o f  t h e  XRS t echn ique ,  
- + 0 . 0 5  pe rcen t .  

Crown ( I l l i n o i s  N o .  6-seam) c o a l .  The c h a r  had been processed  i n  t h e  
COED p rocess  development u n i t  a t  a maximum tempera ture  of 1600°F(2 ) .  
Tables  I t o  I11 a r e  compi la t ions  of t h e  p r o p e r t i e s  o f  t h i s  char  be fo re  
and a f t e r  t rea tment  wi th  hydrogen a t  1 6 O O O F .  The s u l f u r  c o n t e n t  of 
t h e  un t r ea t ed  char  i nc reased  wi th  dec reas ing  c h a r  p a r t i c l e  s i z e ,  a s  
d i d  t h e  a sh  c o n t e n t .  Th i s  is presumably t h e  r e s u l t  o f  a s imilar  d i s -  
t r i b u t i o n  of s u l f u r  and a sh  i n  t h e  c rushed  c o a l .  

The exper imenta l  program was c a r r i e d  o u t  u s i n g  c h a r  from 

The d i s t r i b u t i o n  of s u l f u r  between p y r i t i c  and o r g a n i c  forms 
i s  worthy of  n o t e .  About seventy  p e r c e n t  of t h e  s u l f u r  i n  t h i s  c h a r  
was p r e s e n t  a s  "organic"  s u l f u r .  Th i s  d i s t r i b u t i o n  i s  r easonab ly  
t y p i c a l  o f  c o a l s  of  t h e  I l l i n o i s  N o .  6-seam. The " p y r i t i c "  s u l f u r  
o r i g i n a l l y  p r e s e n t  i n  t h e  c o a l  has  been conve r t ed ,  d u r i n g  p y r o l y s i s ,  
t o  f e r r o u s  s u l f i d e ,  and/or p y r r h o t i t e  (Fe7Ss) .  The p y r i t e  i n  t h e  raw 
c o a l  from which t h e  c h a r  w a s  de r ived  w a s  p r e s e n t  as sma l l  p a r t i c l e s  
from 3 t o  2 5  microns i n  d iameter .  Microscopic examinat ion  showed t h a t  
t h e  bulk o f  t h e  p y r i t e  was p r e s e n t  i n  f i n e  v e i n s  of v a r y i n g  wid ths .  
The remainder was d i s t r i b u t e d ,  more o r  less a t  random, through t h e  
c o a l .  
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The d e s u l f u r i z a t i o n  t r ea tmen t  had l i t t l e  e f f e c t  on t h e  proper- 
t i e s  of t h e  char  o t h e r  t h a n  reducing  t h e  s u l f u r  and mois ture  con ten t s .  
Most d i f f e r e n c e s  i n  p r o p e r t i e s  between t r e a t e d  and u n t r e a t e d  c h a r s  are 
w i t h i n  t h e  range of sampl ing  e r r o r .  

Because o f  t h e  dependence of t o t a l  s u l f u r  c o n t e n t ,  and presum- 
a b l y  a l s o  of i no rgan ic /o rgan ic  s u l f u r  r a t i o  on p a r t i c l e  s i z e ,  feed  
p r e p a r a t i o n  and sampl ing  were c r i t i c a l .  Run f eeds  w e r e  p repared  from 
l a r g e  samples by m u l t i p l e  pas ses  through a sample splitter. I n  
g e n e r a l ,  o n l y  cha r  from which t h e  minus 200-mesh f r a c t i o n  had been 
removed w a s  used. Wi th in  any group o f  f eed  samples from a p a r e n t  
ba t ch ,  t h e  s t a n d a r d  e r r o r  due to  sampling w a s  5 0.13 weight pe rcen t  
s u l f u r .  From one mas te r  b a t c h  t o  ano the r ,  f a r  l a r g e r  d e v i a t i o n s  w e r e  
encountered .  

RESULTS 

I n i t i a l  work w a s  d i r e c t e d  a long  l i n e s  sugges ted  by preceding  
i n v e s t i g a t i o n s ( l r 5 ) .  The v a r i a b l e s  i n v e s t i g a t e d  were: 

1. Temperature. 

2. H2S c o n c e n t r a t i o n .  

3. Char p a r t i c l e  s i z e .  

4 .  Scale-up. 

E f f e c t  of Temperature  

A graph o f  l o g  p e r c e n t  s u l f u r  removed from t h e  cha r  versus  
r e c i p r o c a l  tempera ture  i s  shown i n  F igu re  2 .  R u n s  were made a t  v a r i o u s  
t empera tu res  a t  c o n s t a n t  c o n d i t i o n s  o f  p r e s s u r e ,  t i m e  and weight-space 
v e l o c i t y  ( lb.  H 2  pe r  h r .  p e r  l b .  c h a r ) .  These d a t a  c l e a r l y  do not  have 
t h e  s i g n i f i c a n c e  of a normal Arrhenius  p l o t .  They merely s e r v e  t o  p o i n t  
o u t  t h a t  t h e  r a t e  of d e s u l f u r i z a t i o n  is no t  p a r t i c u l a r l y  in f luenced  by 
tempera ture  a t  t e m p e r a t u r e s  above 1600'F. A t  lower t empera tu res ,  the 
rate o f  d e s u l f u r i z a t i o n  d e c r e a s e s .  

E f f e c t  o f  Hydrogen S u l f i d e  

I t  h a s  been r e p o r t e d ( 1 )  t h a t  H2S c o n c e n t r a t i o n  is t h e  most 
impor t an t  v a r i a b l e  i n  t h e  d e s u l f u r i z a t i o n  of  c h a r  w i t h  hydrogen. 
Consequently,  t w o  hydrogen su l f ide-hydrogen  mix tu res  w e r e  p repared  
w i t h  H2S c o n t e n t s  of 1 .6  and 3 . 2  volume p e r c e n t .  The r e s u l t s  from 
runs  u s i n g  t h e s e  m i x t u r e s  are shown i n  Tab le  I V .  R u n s  made wi th  pu re  
hydrogen are p resen ted  f o r  comparison. I t  i s  e v i d e n t  t h a t  1 . 4  pe rcen t  
H2S is  s u f f i c i e n t  t o  i n h i b i t  t h e  r e a c t i o n  s e v e r e l y  and t h a t  3 . 2  percen t  
HzS may b e  enough t o  r e v e r s e  t h e  r e a c t i o n .  
l i t t l e  a s  0 . 2  p e r c e n t  hydrogen s u l f i d e  can  cause  a 1 0  t o  40 p e r c e n t  
r e d u c t i o n  i n  d e s u l f u r i z a t i o n  rate. 

Prev ious  work sh0we.d t h a t  as 

E f f e c t  o f  Particle S i z e  

I n  the c z s e  of bu lk  d i f f u s i o n a l  mechanisms, r e a c t a n t  p a r t i c l e  
s i z e  i s  an  impor tan t  v a r i a b l e .  To determine  t h e  e f f e c t  of p a r t i c l e  
s i z e ,  a sample of p l u s  28-mesh c h a r  ( d  > 0 . 0 2 3 4  i n . )  w a s  s i e v e d  from 
COED cha r .  A p a r t  o f  t h i s  sample was then  ground w i t h  a mor ta r  and 
p e s t l e  to p a s s  through 2 0 0  mesh (d (0.0029 i n . ) .  Both samples were 
given i d e n t i c a l  d e s u l f u r i z a t i o n  t r e a t m e n t s .  

I 

I 
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The r e s u l t s  from t h e  runs  w i t h  s i z e d  c h a r  are g iven  i n  Table V. 
A t  a l l  c o n d i t i o n s ,  d i f f e r e n c e s  i n  r e s i d u a l  s u l f u r  between t h e  p l u s  28-  
and t h e  minus 200-mesh c h a r  are w i t h i n  expe r imen ta l  u n c e r t a i n t i e s .  
Thus, t h e  d e s u l f u r i z a t i o n  p rocess  appea r s  t o  be independent  of p a r t i c l e  
s i z e .  Runs made w i t h  t h e  e n t i r e  s i z e  d i s t r i b u t i o n  show less r e s i d u a l  
s u l f u r  t han  e q u i v a l e n t  runs  w i t h  s i z e d  c h a r .  Th i s  may be due t o  t h e  
n a t u r e  o f  t h e  s u l f u r  i n  t h e  p l u s  28-mesh f r a c t i o n  used  f o r  t h e  s i z e d  
runs .  

E f f e c t  of  Scale-up 

Eighty  p e r c e n t  d e s u l f u r i z a t i o n s  w a s  ach ieved  i n  t h e  3/4-inch 
reactor system a t  16OO0F., 1 1 5  p s i a ,  weight-space v e l o c i t y  of 0 . 9 ,  
and 1-hour r e a c t i o n  t i m e s  f o r  10-gm. c h a r  cha rges .  A l a r g e r  r e a c t o r  
of  2-inch schedu le  80  s t a i n l e s s  s teel  p ipe  was f a b r i c a t e d  and r ep laced  
t h e  3/4-inch r e a c t o r  i n  t h e  d e s u l f u r i z a t i o n  system shown i n  F igu re  1. 

weight-space v e l o c i t i e s  of  0.29 to  0 .65 .  React ion  t i m e s  of 3 t o  6 
hours  were r e q u i r e d  t o  ach ieve  70 t o  80 p e r c e n t  d e s u l f u r i z a t i o n .  S ince  
t h e  space  v e l o c i t y  had been p rese rved  i n  t h e s e  r u n s ,  t h e  long  r e a c t i o n  
t i m e s  needed w e r e  s u r p r i s i n g .  Because t h i s  r e s u l t  sugges t ed  t h a t  t h e  
system was more complex t h a n  expec ted ,  an  e x t e n s i v e  expe r imen ta l  pro- 
gram was formula ted .  

The expanded program was formula ted  i n  terms of t h e  var iables  

The r e a c t o r  was run  w i t h  a charge  o f  100 grams of c h a r  a t  

of s u p e r f i c i a l  v e l o c i t y ,  U, vo lumet r i c  space  y e l o c i t y ,  Sv, and p res su re ,  
P .  The program was o r i g i n a l l y  planned as a 2 f a c t o r i a l  d e s i g n  wi th  a 
midpoint.  I t  tu rned  o u t ,  however, t h a t  it w a s  imposs ib l e  t o  achieve  
two of t h e  des ign  c o n d i t i o n s .  

The expe r imen ta l  d e s i g n  i s  shown i n  Tab le  V I .  Runs were made 
f o r  t i m e  pe r iods  of  2 ,  5 ,  15,  30, 45, and 90 minutes.  A number o f  
r e p l i c a t e s  w e r e  made. 

The r e s u l t s  of  t h e  expanded series o f  exper iments  a r e  p re sen ted  
i n  F igu re  3 as p e r c e n t  r e s i d u a l  s u l f u r  v e r s u s  t i m e . ,  Some g e n e r a l  
conc lus ions  t h a t  can b e  drawn from t h e s e  f i g u r e s  are: 

1. The most s i g n i f i c a n t  v a r i a b l e  i n  t e r m s  of t h e  shape  and 
p o s i t i o n  o f  t h e  cu rves  is bed h e i g h t  ( + V I  -Sv d i a g o n a l ) .  
Curves 1, 2 ,  4 ,  5 and 7 on F igu re  3 (H = 0.158 f t . )  are 
s i m i l a r  b u t  d i f f e r  s i g n i f i c a n t l y  from cu rves  3 and 6 (H = I 

0.632 f t . ) .  

2 .  Three regimes o f  d e s u l f u r i z a t i o n  seem t o  e x i s t :  

a .  

b.  

C. 

An almost i n s t a n t a n e o u s  o r  " f l a s h "  d e s u l f u r i z a t i o n  
t o  40 t o  60 p e r c e n t  r e s i d u a l  s u l f u r  i n  t h e  sha l low 
beds (Runs 1, 2 ,  4 ,  5 and 7 )  and 60 t o  70  p e r c e n t  
r e s i d u a l  s u l f u r  i n  t h e  deep beds (Runs 3 and 6 ) .  
Th i s  f l a s h  t a k e s  p l a c e  i n  less t h a n  t w o  minu tes .  

A slower b u t  s t i l l  a p p r e c i a b l e  d e s u l f u r i z a t i o n  rate 
t o  10  t o  15  p e r c e n t  r e s i d u a l  s u l f u r .  I n  t h e  sha l low 
beds t h i s  took abou t  45 minutes ,  w h i l e  i n  t h e  deep 
beds s u l f u r  w a s  s t i l l  b e i n g  evolved  a f t e r  90 minutes .  

N e g l i g i b l e  d e s u l f u r i z a t i o n  a f t e r  a r e s i d u a l  s u l f u r  
c o n t e n t  o f  1 0  t o  1 5  p e r c e n t  is reached .  
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The da ta  do n o t  l e n d  themselves  r e a d i l y  t o  s imple q u a n t i t a t i v e  
t r ea tmen t .  Indeed,  i n  a complex, heterogeneous m a t e r i a l  such a s  c o a l  
cha r ,  it would b e  n a i v e  t o  e x p e c t  o therwise .  A s  is noted  above, t h e r e  
appear  t o  be s e v e r a l  d i s t i n c t l y  d i f f e r e n t  r eg ions  o f t h e  curves .  

D I S C U S S I O N  OF RESULTS 

General  

Much of t h e  p r i o r  work on t h e  d e s u l f u r i z a t i o n  of  cokes and coal 
c h a r s  has l e d  t o  t h e  conc lus ion  t h a t  t h e  r e a c t i o n  of  hydrogen wi th  
s u l f u r  i n  t h e  c h a r  t o  form H2S is  a r e v e r s i b l e  p rocess  a t  h igh  temper- 
a t u r e s .  I n  c o a l s  and presumably i n  c o a l  cha r s  as w e l l ,  t h e r e  a r e  a 
wide v a r i e t y  of s u l f u r - c o n t a i n i n g  s p e c i e s .  These i n c l u d e  t h e  fo l lowing  
types  of chemical  s t r u c t u r e s :  

I 

Ino rgan ic  S u l f u r  FeS, FeS2 

f\ Thioph in ic  S u l f u r  

Me r cap t a n s  H-S-C 

Thioe the r s  c-s-c 
D i s u l f i d e s  c-s-s-c 

Presumably some s u l f u r  s p e c i e s  a r e  a l s o  adsorbed on t h e  c h a r  s u r f a c e .  I 
Because a v a r i e t y  o f  forms o f  s u l f u r  a r e  involved ,  n o  simple e q u i l i b -  f 
rium expres s ion  can  b e  used.  

A t  a g iven  t o t a l  p r e s s u r e ,  t h e  e q u i l i b r i u m  between HzS and 
s u l f u r  i n  c h a r  can  be expres sed  as an " i n h i b i t i o n  isotherm".  This  is  
a p l o t  of t h e  H2S t o  hydrogen r a t i o  i n  t h e  gas  v e r s u s  s u l f u r  concen- 
t r a t i o n  i n  t h e  c h a r .  A t y p i c a l  i so therm f o r  s u l f u r  i n  a c h a r  from 
Arkwright c o a l  (P i t t sburgh-seam)  i s  shown i n  F igu re  4A. 

COED c h a r  from Crown c o a l .  This  i so therm has  been syn thes i zed  from 
t h e  two measurements on i n h i b i t i o n  o f  t h e  r e a c t i o n  by H2S (Table  IVl t  
and from a n  e s t i m a t e  o f  t h e  FeS c o n t e n t  based on t h e  p y r i t i c  s u l f u r  
c o n t e n t  of t h e  f e e d  c o a l .  Region I cor responds  t o  about  60 pe rcen t  Of 
t h e  t o t a l  s u l f u r  i n  the form o f  r e l a t i v e l y  e a s i l y  removable o rgan ic  
s u l f u r  w i th  e q u i l i b r i u m  gas-phase c o n c e n t r a t i o n s  i n  excess of 0 .3  
p e r c e n t  hydrogen s u l f i d e .  Region I1 cor responds  t o  about  30 p e r c e n t  
of  t h e  t o t a l  s u l f u r  i n  t h e  form of  i n o r g a n i c  s u l f i d e s  (FeS) wi th  an  
e q u i l i b r i u m  c o n c e n t r a t i o n  of 0 . 3  p e r c e n t  hydrogen s u l f i d e .  Region 111 
corresponds  t o  abou t  1 0  p e r c e n t  of  t h e  t o t a l  s u l f u r ,  i n  t h e  form of  
o r g a n i c  s u l f u r ,  s u l f a t e  s u l f u r ,  and stable i n o r g a n i c  s u l f i d e s  ( cas )  I 
with  e q u i l i b r i u m  c o n c e n t r a t i o n s  less than  0 .3  p e r c e n t  hydrogen s u l f i d e  . 
The i so the rm i s  probably  n o t  l i n e a r  i n  t h i s  r eg ion  since l i t t l e  Of 
t h i s  s u l f u r  i s  removed b y  prolonged hydrogenat ion .  

s t r a i g h t  l i n e  because o n l y  two expe r imen ta l  p o i n t s  were a v a i l a b l e .  
The shape o f  F igure  4A shows t h a t  t h i s  is a r easonab le  approximation.  
The e q u i l i b r i u m  c o n c e n t r a t i o n s  of hydrogen s u l f i d e  over  COED c h a r  i n  

I 

I 

Figure  4B i s  an  i n h i b i t i o n  i so the rm f o r  t h e  d e s u l f u r i z a t i o n  Of 

I 

I 

The i n h i b i t i o n  i so the rm i n  Region I was assumed to be a 
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this region are significantly lower than those reported for char from 
Pittsburgh-seam coal (Figure 4 A ) .  

An equilibrium hydrogen-sulfide concentration of 0 . 3  percent 
was assumed in Region 11. This figure was reported as the e uilibrium 

The 
length of the FeS plateau (Region 11) is fixed by the pyritic sulfur 
content of the char. 

concentration over FeS for Pittsburgh-seam char (Figure 4A) ( 9 ) .  

Equilibrium Desulfurization 

Given the existence of a reversible desulfurization reaction, 
the simplest model of the desulfurization process in a well-mixed bed 
is one assuming that the off ases are always in equilibrium with the 
sulfur in the bed of solids(37 . 
computed from the weight-space velocity of hydrogen through the bed and 
from the inhibition isotherm. 

The rate of desulfurization can be 

For the system defined below, where the flow rate of gases 
leaving the bed is N moles/hr. containing Y mole fraction H2S, the rate 
of sulfur removal is NY. 

N moles H2 + H2S/hr. 
Y = H2S content, mole fraction 

Reactor - V = cu.ft. bed volume 
s = sulfur content in 

solids, wt. fraction 
W = lb. of char 

sulfur 
M, = molecular weight of 

N moles H2/hr. 
' -  $ Y = O  . 

Figure 5 

Neglecting the sulfur content of the gases in the reactor at 
any instant, 

for any arbitrary equilibrium expression relating s and Y, 

Y = f(s) 

this expression may be integrated 

SO ( 2 )  
t = ds , where t = time 

N-M, of desulfurization, 
hr . 
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N. 9i2 
The weight s p a c e  v e l o c i t y ,  Sw, - , 

W s i m p l i f i e s  to  

1 t = -  
1 6  Sw 

The fo l lowing  e q u i l i b r i u m  
iso therm i n  Figure 4 B .  

0 < s d 0.0035, 

0 . 0 0 3 5  < s 6 0.0130, 

0.0130 < S I  

r e l a t i o n s h i p  

Y = 0.865 s 

Y = 0.0030 

Y = 1.153 - 

The equ i l ib r ium d e s u l f u r i z a t i o n  curves  

so t h a t  Equat ion ( 2 )  

(3 )  

d e s c r i b e s  t h e  i n h i b i t i o n  I 

( 4 )  

(5) 

0.0118 ( 6 )  I 

c a l c u l a t e d  from 
Equat ions  ( 4 )  , (5 )  , and ( 6 )  f o r  s i x  of t h e  c o n d i t i o n s  s t u d i e d  a r e  
p l o t t e d  i n  Figure 6 .  Weight-space v e l o c i t y  i s  t h e  only parameter  
he re ,  so  t h a t  t w o  cu rves  s u f f i c e  fo r  a l l  s i x  sets o f  d a t a .  The s o l i d  
l i n e s  i n  Figure 6 a r e  t h e  p r e d i c t i o n s  o f  t h e  e q u i l i b r i u m  model. The 
dashed l i n e s  i n d i c a t e  t h e  approximate cour se  of  t h e  d a t a .  Th i s  com- 
p a r i s o n  shows q u i t e  c l e a r l y  t h a t  t h e  e q u i l i b r i u m  model i s  only  v a l i d  
f o r  t h e  removal o f  t h e  f i r s t  f o r t y  t o  f i f t y  p e r c e n t  of t h e  s u l f u r  i n  
sha l low beds .  This  would correspond t o  t h e  f i r s t  s t e p  o r  f l a s h  
removal o f  s u l f u r  mentioned p rev ious ly .  

Non-Equilibrium D e s u l f u r i z a t i o n  
I 

Qui te  c l e a r l y ,  t h e  e q u i l i b r i u m  d e s u l f u r i z a t i o n  model beg ins  t o  
break  down when f i f t y  t o  s i x t y  pe rcen t  o f  t h e  s u l f u r  has  been removed 
from t h e  cha r .  I n t e r e s t i n g l y ,  t h i s  cor responds  t o  t h e  p o i n t  a t  which 
most o f  t h e  o rgan ic  s u l f u r  has  been removed, and only  f e r r o u s  s u l f i d e  
and t h e  " i r removable"  s u l f u r  remain i n  t h e  cha r .  

The r e a c t i o n  of  t h e  f e r r o u s  s u l f i d e  could  p o s s i b l y  be l i m i t e d  
by a number o f  d i f f u s i o n a l  s t e p s  a s  w e l l  a s  by t h e  k i n e t i c s  of t h e  
r e a c t i o n  i t s e l f .  I t  w i l l  be r e c a l l e d ,  however, t h a t  c h a r  p a r t i c l e  
s i z e  had l i t t l e  o r  no e f f e c t  on t h e  d e s u l f u r i z a t i o n  r a t e .  F r o m  t h i s  
it i s  concluded t h a t  boundary l a y e r  d i f f u s i o n ,  and bulk  d i f f u s i o n  
w i t h i n  t h e  c h a r  s t r u c t u r e  a r e  n o t  impor tan t  l i m i t i n g  s t e p s .  
weak tempera ture  dependence s i m i l a r l y  s u g g e s t s  t h a t  chemical e f f e c t s  
are n o t  l i m i t i n g .  

The very 

While d i f f u s i o n  through t h e  c h a r  is n o t  l i m i t i n g ,  i t  i s  
c e r t a i n l y  p o s s i b l e  t h a t  d i f f u s i o n  through t h e  s h e l l  of i r o n ,  which 
would sur round a p y r i t e  p a r t i c l e  be ing  d e s u l f u r i z e d ,  might be a 
s i g n i f i c a n t  s t e p  i n  l i m i t i n g  t h e  rate of r e a c t i o n .  

showing t h a t  t h i s  e x p l a n a t i o n  is q u a l i t a t i v e l y  i n  accord  wi th  t h e  
observed  d e s u l f u r i z a t i o n  d a t a .  Q u a n t i t a t i v e  v e r i f i c a t i o n  of t h e  model I 

would r e q u i r e  d e t a i l e d  knowledge of t h e  d i s t r i b u t i o n ,  shape ,  and s i z e  
of t h e  f e r r o u s  s u l f i d e  w i t h i n  t h e  c h a r .  Such informat ion  i s  n o t  a v a i l -  
a b l e .  Indeed,  t h e  i n f o r m a t i o n  a v a i l a b l e  concern ing  t h e  p y r i t e  i n  the  
c o a l  is very  p re l imina ry  and q u i t e  c rude .  

The fo l lowing  d i s c u s s i o n  is p resen ted  wi th  t h e  o b j e c t i v e  of I 
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f o r  the purposes  o f  t h e  i n i t i a l  a n a l y s i s ,  t h e  f e r r o u s  s u l f i d e  
p a r t i c l e s  a r e  assumed t o  be  approximateLy s p h e r i c a l .  Cons ider ing  t h e  
very  l o w  p a r t i a l  p r e s s u r e  of  H2S  over FeS under p rocess  cond i t ions ,  a 
pseudo s t e a d y - s t a t e  t r ea tmen t  should  be  q u i t e  adequate .  The p h y s i c a l  
s i t u a t i o n  is  i l l u s t r a t e d  i n  F igure  7. The governing d i f f e r e n t i a l  
equa t ion  is: 

Where Ns i s  t h e  r a t e  of  s u l f u r  removal from t h e  p a ' r t i c l e  and C is t h e  
concen t r a t ion  of  H2S i n  t h e  gas ,  E i s  t h e  p o r o s i t y ,  p8 t h e  d i f f u s i v i t y  
of  HzS, and T is t h e  t o r t u o s i t y  i n  t h e  d i f f u s i o n  b a r r i e r .  I n  t h e  ca se  
i n  q u e s t i o n ,  C ,= 0 a t  Ro, t h e  o u t e r  s u r f a c e  of t h e  p a r t i c l e ,  and 

Ns E 4 r R 2  dR (-) 
where pFeS and MFeS are t h e  d e n s i t y  and molecular  weight  Of f e r r o u s  
s u l f i d e .  

The pseudo s t e a d y - s t a t e  a l lows  us  t o  t r e a t  t h e  i n n e r  boundary 
as  s t a t i o n e r y ,  i n  i n t e g r a t i n g  Equat ion ( 7 ) .  The i n t e g r a t e d  form can 
then  be i n t e g r a t e d  i n  t h e  t i m e  domain. The r e s u l t  is :  

Th i s  , s o l u t i o n  is shown i n  F igure  8 .  

The s t o i c h i o m e t r i c  v a r i a b l e  o f  i n t e r e s t  is  the f r a c t i o n  
unreac ted .  Th i s  f r a c t i o n  ! i s  shown a s  a f u n c t i o n  of t i m e  i n  Figure 8 

on a r i t h m e t i c  coord ina te s  ."O 

Figure  9 i s  a s y n t h e t i c  d e s u l f u r i z a t i o n  experiment  i n  which t h e  
f i r s t  55 pe rcen t  of t h e  s u l f u r  i s  removed by t h e  e q u i l i b r i u m  mechanism, 
and t h e  l a s t  1 0  pe rcen t  i s  " i r removable" .  The d a t a  f o r  exper imenta l  
c o n d i t i o n  5 w e r e  superimposed by t r i a l  and e r r o r  on t h e  same o r d i n a t e .  
From t h e  comparison of  t h e s e  p o i n t s  w i th  t h e  cu rve ,  i t  i s  apparent  t h a t  
t h e  above exp lana t ion  i s  c o n s i s t e n t  w i th  t h e  observed cu rve  shape,  
p a r t i c u l a r l y  when one r e a l i z e s  t h a t  t h e r e  w i l l  be a d i s t r i b u t i o n  of  
p a r t i c l e  s i z e s  i n  t h e  cha r .  I t  remains,  now to  de termine  whether t h e  
group ( 6  E t / R o 2 T 2 )  is of reasonable  magnitude. 

t h e  i n i t i a l  s u l f u r  w a s  1 8  minutes ,  o r  1080  sec .  The p o r o s i t y ,  E ,  
should  be about  0 . 6 ,  and t h e  t o r t u o s i t y  T i s  probably about  2 .  Taking 
Ro a s  0 . 0 0 1  c m ,  one c a l c u l a t e s  a & o f  -10-3 &. 
r easonab le  i f  t h e  d i f f u s i o n  through t h e  r e a c t e d  s h e l l  i s  i n  t h e  Knudsen 
o r  t r a n s i t i o n  regime. 

v e r i f i c a t i o n  of t h e  r a t e  l i m i t i n g  s t e p  proposed h e r e  must awa i t  a t es t  
o f  t h e  theory  on a d i f f e r e n t  h igh  s u l f u r  c h a r ,  p r e f e r a b l y  one which 
has  been processed  through a COED u n i t .  

I n  t h e  r e a l  c a s e ,  t h e  t i m e  r e q u i r e d  t o  achieve  20  pe rcen t  of  

This  f i g u r e  i s  
sec 

The agreement may, however, be pu re ly  f o r t u i t o u s .  Fu r the r  
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Conclusions 

The e q u i l i b r i u m  n a t u r e  of  t h e  removal of  t h e  f i r s t  50 t o  60 
p e r c e n t  of  t h e  s u l f u r  seems reasonably  w e l l  e s t a b l i s h e d .  There are 
f a i r l y  w i d e  d e v i a t i o n s  which a r e  probably a combinat ion of  i n t e r n a l  
d i f f u s i o n a l  e f f e c t s  and exper imenta l  t echnique .  The procedure w a s  
des igned  f o r  runs of  15  minutes o r  l onge r .  Random e r r o r s  would be 
expec ted  t o  be h igh  f o r  t h e  2-minute and 5-minute runs .  The i n h i b i t i o n  
i so the rm f o r  t h i s  c h a r  is only  poor ly  e s t a b l i s h e d ,  b u t  it i s  ev iden t  
t h a t  t h i s  exp lana t ion  is i n  gene ra l  agreement wi th  t h e  d a t a .  The f a c t  
t h a t  t h i s  exp lana t ion  f a i l s  a t  about  50 p e r c e n t  s u l f u r  removal is  also 
w e l l  e s t a b l i s h e d .  

I 

I n  t h e  r eg ion  of 50 t o  90  p e r c e n t  s u l f u r  removal,  i t  is e v i d e n t  
t h a t  e l e v a t e d  hydrogen p r e s s u r e  i n c r e a s e s  t h e  r a t e  of  s u l f u r  removal. 
T h i s ,  however, i s  c o n s i s t e n t  wi th  most p o s s i b l e  r a t e - c o n t r o l l i n g  s t e p s .  
Bed depth  i s  the  only  o t h e r  v a r i a b l e  t h a t  has  a s t r o n g  e f f e c t .  I n  fact ,  / 
bed depth  i s  by f a r  t h e  most s i g n i f i c a n t  v a r i a b l e .  Had t h e  experiments  ' 
been conducted i n  f i x e d  beds ,  t h i s  would no t  have been so s u r p r i s i n g .  
The experiments  w e r e  c a r r i e d  o u t  under c o n d i t i o n s  where t h e  beds were 
f l u i d i z e d ,  however. I t  appears ,  t h e r e f o r e ,  t h a t  t h e r e  must have been 
a s i g n i f i c a n t  degree  o f  r eabso rp t ion  of s u l f u r  w i t h i n  t h e  four- inch bed 
t o  account  f o r  t h e  observed  r e s u l t s .  This  also raises t h e  q u e s t i o n  as 
t o  whether  t h e  one-inch bed was t r u l y  a d i f f e r e n t i a l  bed. I f  n o t ,  t h e  
observed r a t e s  may be s lower  than those  ach ievab le  i n  t h e  presence  of 
an a c c e p t o r  i n t i m a t e l y  mixed wi th  t h e  char .  The r e s u l t s  o f  experiments  
i n  t h e  presence o f  H2S a c c e p t o r s  sugges t  t h a t  t h i s  is so. 

I 

From t h e  expe r imen ta l  r e s u l t s ,  i t  is appa ren t  t h a t  a s i g n i f i c a n t  
f r a c t i o n  of  t h e  s u l f u r  c o n t e n t  of  I l l i n o i s  N o .  6 c h a r ,  produced by t h e  I 
COED p r o c e s s ,  can be removed i n  c o n t a c t  t i m e s  which are i n d u s t r i a l l y  I 
r e a l i z a b l e .  I t  i s  e q u a l l y  e v i d e n t  t h a t  t h e  hydrogen atmosphere becomes 
s a t u r a t e d  w i t h  t h e  a d d i t i o n  of  very  l i t t l e  hydrogen s u l f i d e .  Hence, 
e i ther  v a s t  amounts of hydrogen must be  c i r c u l a t e d  a t  h igh  tempera ture ,  

1 6 O O O F .  and a t  ve ry  low p a r t i a l  p r e s s u r e s .  T h i s  l a t t e r  approach seems 
by f a r  t h e  more f e a s i b l e .  

o r  a material must be mixed wi th  t h e  c h a r  which w i l l  absorb  H2S a t  / 

/ 

i 
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Nomenclature 

C Concent ra t ion  (moles/cm3) 
Co Equi l ibr ium Concentrat ion 
& Diffus ion  C o e f f i c i e n t  (cm*/sec) 
f I n h i b i t i o n  i so therm (mole f r a c t i o n )  
pll 

N 

NS 
P 

r 
R 
RO 

S 

SV 

S W  
t .  
U 
W 
Y 

E 

P 
T 
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TABLE I 

ANALYSIS OF CROWN CHAR 

BEFORE AFTER 

TREATMENT TREATMENT 

PROXIMATE, wt. K 
MOISTURE 4.4 2.5 
VM 
FC 71.4 76.0 
ASH 16.6 15.6 

ULTIMAlE,Wt. %,dry 
C 76.8 
H 1.4 
N 1.2 

3. I S - 
0 0. I 
ASH 17.4 

1.5 - 

TABLE I1 

ANALYSIS OF' 

CROWN CHAR FEED 

I SIEVE SIZE, I W T  K 1 W 1 . K  S I 
TYLER MESH ON SIEVE IN FRACTION 

I O 0  20 3.14 

SULFUR SPECIES 
ORGANIC 68 % 
INORGANIC (PYRITIC) 29 % 
SULFATE 3% 

I 

I 

: I 
' I  

I 

I 



TABLE I11 

BULK DENSITY, I b/cu ft 

PARTICLE DENSITY, gmkc 

PORE VOLUME, cc/gm 

SURFACE AREA, M2/gm 

MEAN MACRO- 
PORE DIAM.,& 

I 

BE FORE 
TREATMENT 

20.7 

I .08 

0.32 

I 2 3  

5 

\ 

PHYSICAL PROPERTIES OF 

CROWN CHAR . 

AFTER 
TREATMENT 

2 0.7 

I .01 

0.35 

114 

4.5 

TABLE IV 

EFFECT OF H,S ON DESULFURIZATION 

AT 1600OF AND 115PSlA 

INLET H2S, REACTION TIME, PERCENT S 
VOL % HR. REMAIN I NG 

0 I 12 
0 2 22 

1.6 2 72 



TABLE V 

SIZE 
FRACT. 

+ 28 - 200 
t 28 
- 200 

+ 28 - 200 

- 

EFFECT OF PARTICLE SIZE 

ON DESULFURIZATION AT 

1600 OF ,ISPSIA 

TIME, SUPERFICIAL RESIDUAL 
MIN. VELOCITY, SULFUR, 

f t/sec. X OFORlG 

5 0.53 68 
5 0.51 66 

15 0.52 43 
15 0.56 46 

IO 0.22 65 
IO 0.19 72 

TABLE ?U 

DESULFURIZATION EXPERIMENTAL DESIGN 

LOW MID. HIGH 

SUPERFICIAL VEL, f+/sec. 0.5 I .o 2 .o 
PRESSURE, psi0 15 - 30 60 

VOLUMETRIC SPACE VEL, hr-' 11,150 22.300 44.600 

t LOG P 

/LOG u 

I 

I 

. , I ,  

I 

. ,  
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CHAR DESULFURIZATION SYSTEM 
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EFFECT OF TEMPERATURE ON 
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PERCENT SULFUR vs TIME FOR THE FACTORIAL DESIGN 
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INHIBITION ISOTHERMS FOR CHAR DESULFURIZATION 
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FIGURE 8 

DIFFUSION THROUGH A REACTED SHELL 
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COED Char Desulfurization Process Studies ' 

M. E. Sacks, C. A. Gray, R. T. Eddinger 

FMC Corporation 
Chemical Research and Development Center 

P. 0. Box 8 
Princeton, New Jersey 

Project COED (Char-Oil-Energy-Development) sponsored by the 
Office of Coal ResearcE, Department of-the Interior, seeks to upgrade 
the value of coal by conversion to synthetic crude oil, gas, and fuel 
char. The original scope of Project COED was enlarged to include the 
production of low-sulfur fuel char to reduce air pollution. Preliminary 
experimental work (1) showed that the sulfur in COED char can be removed 
by treatment with hydrogen at 1600O and 1 atmosphere pressure. The rate 
Of desulfurization was severely inhibited by low concentrations of 
hydrogen sulfide in the reactant gas. It was concluded that a hydrogen 
sulfide absorbent or acceptor, admixed with char, would be required to 
make a commercial process viable. 

A block diagram of the proposed COED char desulfurization process 
is shown in Figure 1. Hydrogen and char from the COED pyrolysis plant 
plus acceptor would be fed to a desulfurization reactor. Here Sulfur 
would be transferred from the char to the acceptor via a hydrogen sulfide 
intermediate. Desulfurized char and spent or sulfided acceptor would 
then be separated. Spent acceptor would be regenerated to yield active 
acceptor for recycle and by-product sulfur. This paper will summarize 
the results of the experimental program to specify the chemistry and 
mechanics of each of these steps. A preliminary process flowsheet, 
and the economics of the process derived from it, will also be presented. 

Desulfurization 

Desulfurization of COED char in the presence of hydrogen and 
A sketch an acceptor was investigated in a bench-scale rotary kiln. 

of this apparatus is shown in Figure 2 .  The 2-inch diameter kiln was 
mounted inside a resistance furnace and driven at 6 rpm by an electric 
motor, speed reducer, and pulley system. 

USP calcium oxide and four different calcined dolomites were 
evaluated as hydrogen sulfide acceptors. Best results were obtained 
with a calcined dolomite. In 10 minutes, 85 percent sulfur removals 
were achieved with a hydrogen partial pressure of 15 psi. The sulfur 
content char from Illinois No. 6-seam coal was reduced from 3 to less 
than 0.6 weight percent, Only stoichiometric amounts of hydrogen and 
acceptor were required for the desulfurization reactions: 

+ H2 * H2S 'char (i) 

CaO-MgO + H2S * Cas-MgO + HzO ( 2 )  

The rate of desulfurization was found to be independent of acceptor 
particle size in the range of sizes from minus 325-mesh to 6-mesh. 

I 
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S e p a r a t i o n  

A f t e r  d e s u l f u r i z a t i o n ,  s p e n t  a c c e p t o r  must be s e p a r a t e d  from 
d e s u l f u r i z e d  cha r .  The d i f f e r e n c e  i n  s i z e  c o n s i s t  and d e n s i t y  between 
t h e  a c c e p t o r  and t h e  c h a r  sugges t ed  t h a t  a f l u i d i z e d  bed could  be used 
t o  s e p a r a t e  them. The s p e c i f i c  g r a v i t y  o f  t h e  accep to r  i s  about  2,  
compared t o  about  1 f o r  c h a r .  The proposed s i z e  c o n s i s t  f o r  t h e  a c c e p t o r  
is  6 -  x 10-mesh  ( T y l e r )  w h i l e  COED c h a r  is a l l  minus 16-mesh. 1 

A 3-inch d i a m e t e r  g l a s s  column, equipped w i t h  a p e r f o r a t e d  g r i d  I 

p l a t e  and d r a i n  l e g s  1 / 2  i n c h  and 6 inches  above t h e  g r i d  p l a t e ,  was 
used t o  de te rmine  t h e  f e a s i b i l i t y  o f  s e p a r a t i n g  c h a r  and a c c e p t o r  i n  a 
f l u i d i z e d  bed.  A s k e t c h  of  t h i s  a p p a r a t u s  i s  shown i n  F igu re  3 .  R e s u l t s  
o f  t h e s e  s t u d i e s  are shown i n  F i g u r e  4 .  A t  a f l u i d i z i n g  v e l o c i t y  of  
about  2 . 5  f t . / s e c . ,  a c c e p t o r  sank to  t h e  bottom of t h e  bed and c h a r  w a s  
f l u i d i z e d  above it. The a c c e p t o r  stream, drawn o f f  through t h e  d r a i n  

a c c e p t o r  was found i n  t h e  c h a r  p roduc t  d r a i n e d  from t h e  d r a i n  l e g  6 
i nches  above t h e  g r i d  p l a t e .  Thus,  it a p p e a r s  f e a s i b l e  t o  s e p a r a t e  
d e s u l f u r i z e d  char  and s p e n t  a c c e p t o r  i n  a f l u i d i z e d  bed. 

I 

I 

l e g  1 / 2  i n c h  above t h e  g r i d  p l a t e ,  c o n t a i n e d  about  2 pe rcen t  cha r .  NO / 

4 

Regenera t ion  

S e v e r a l  r o u t e s  f o r  t h e  r e g e n e r a t i o n  of  s p e n t  d o l o m i t i c  a c c e p t o r  
I w e r e  i n v e s t i g a t e d  i n c l u d i n g  c a r b o n a t i o n  w i t h  steam and carbon d i o x i d e  ( 2 )  

and r o a s t i n g  i n  a i r  o r  oxygen. The p r e f e r r e d  r e g e n e r a t i o n  scheme, however, 
was found t o  be t h e  p a r t i a l  o x i d a t i o n  o f  s p e n t  accep to r  w i th  CO2. 1 

Cas-MgO + 3COz -P CaO-MgO + 3CO + SO2 ( 3 )  

A s k e t c h  o f  t h e  a p p a r a t u s  used t o  e x p l o r e  accep to r  r e g e n e r a t i o n  I 
is shown i n  F igu re  5.  A Globar-heated f u r n a c e  was used t o  o b t a i n  tempera- 
t u r e s  above 2000'F. The r e a c t o r  c o n s i s t e d  o f  a s e a l e d  3/4-inch I . D .  
a lumina t u b e .  A f i x e d  bed o f  s p e n t  a c c e p t o r  was formed between t w o  
ce ramic  wool p lugs  i n  t h e  c e n t e r  o f  t h e  bed. 
th rough a ro t ame te r .  Of f -gases  w e r e  sampled and vented .  

I n l e t  gases  w e r e  metered 

1 
The r e g e n e r a t i o n  o f  s p e n t  a c c e p t o r  w i t h  carbon d i o x i d e  i s  

c a t a l y z e d  by i r o n  ( 3 ) .  Acceptor  p a r t i c l e s  were impregnated from s o l u t i o n s  
of fe r r ic  n i t r a t e  i n  methanol  r e s u l t i n g  i n  a seven-fold i n c r e a s e  i n  
r e g e n e r a t i o n  r a t e  a s  shown i n  F i g u r e  6 .  T h i s  rate a c c e l e r a t i o n  was 
accomplished by i n c r e a s i n g  t h e  i r o n  c o n t e n t  o f  t h e  d o l o m i t i c  accep to r  
from 0 . 2 5  weight  p e r c e n t ,  t h e  n a t u r a l l y  o c c u r r i n g  i r o n  c o n t e n t ,  to 0 . 5  
weight  p e r c e n t .  F u r t h e r  i n c r e a s e s  i n  i r o n  c o n c e n t r a t i o n  d i d  n o t  i n c r e a s e  
r a t e s .  A microscopic  examina t ion  o f  t h e  impregnated accep to r  p a r t i c l e s  
showed t h a t  i r o n  was c o n c e n t r a t e d  i n  s p o t s  on t h e  s u r f a c e .  

The e f f e c t  of t e m p e r a t u r e  on t h e  r a t e  of  r e g e n e r a t i o n  of  i ron -  
impregnated accep to r  i s  shown i n  F i g u r e  7. Below 2000°F., t h e  r a t e  is 
h i g h l y  dependent  o n  t e m p e r a t u r e  w i t h  an a p p a r e n t  a c t i v a t i o n  energy Of 
abou t  103 k c a l .  Above 2000°F.,  t h e  appa ren t  a c t i v a t i o n  energy i s  ap- 

o f  t h e  s p a c e  v e l o c i t y .  The behav io r  is i n d i c a t i v e  of a change i n  r e a c t i o n  
mechanism a t  a t e m p e r a t u r e  around 2000OF. 

p rox ima te ly  an  o r d e r  o f  magni tude lower and a p p e a r s  t o  be a f u n c t i o n  I 
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The rate of regeneration is zero order with respect to the 
CaS-MgO concentration of the acceptor. This is shown in Figure 9. 
Therefore, the rate-controlling step is not the rate of the reaction 
between solid CaS.MgO and gaseous carbon dioxide. 

gas velocity and acceptor particle size. Therefore, diffusion of carbon 
dioxide from the gas to the surface of the acceptor particle is not the 
rate-controlling step. 

The rate of regeneration was also found to be independent of 

The addition of carbon monoxide and inerts (nitrogen) to the 
carbon dioxide feed severely inhibited the regeneration rate. Runs 
were made at two conditions: 2200'F. and a space velocity Of about 12, 
and 2000'F. and a space velocity of about 2. Results are summarized in 
Table I. At 2200°F., 10 percent carbon monoxide in the feed gas decreased 
the rate about 5 times, while 7 7 . 4  percent nitrogen decreased the rate 
about 3 times. At 2000°F., both 10 percent carbop dioxide and 7 7 . 4  ' 

percent nitrogen decreased the rate about 3 . 5  times. Thus, a regeneration 
process must be designed to keep both CO and inert concentrations in the 
carbon-dioxide reactant gas low. 

The effect of space velocity on regeneration rate is shown in 
Figure 9. At space velocities below 3 ,  the observed relationship between 
the space velocity and rate appears to be non-linear; at space velocities 
above 3 ,  a 1.inear relationship appears to hold. The fixed-bed reactor 
used in these experimental studies can be approximated by a plug-flow 
reactor at low space velocities and the differential reactor at high 
space velocities. This probably accounts for the change in shape of 
the curve ( 4 ) .  On the basis of these results it was concluded that the 
rate-controlling mechanism is either equilibrium or some surface phenomenon. 
The kinetic data were too scattered to distinguish between these types 
of mechanisms. 

At a space velocity of 2, about 2 hours are required to achieve 

The deactivation of dolomitic acceptor after repeated cycles of 

60 percent regeneration. 

sulfurization and regeneration was studied by exposing the acceptor to 
alternate atmospheres of hydrogen sulfide and carbon dioxide. The de- 
activation was studied under two conditions: l) sulfurization at 1600'F.-- 
regeneration at 2100'F. and 2) sulfurization at 16OO0F.--regeneration 
at 2200'F. The results are displayed as graphs of activity versus cycle 
number in Figure 10. Activity is defined as the moles of hydrogen sulfide 
absorbed per 100 atoms of calcium in the acceptor. 

At a regeneration temperature of 2200°F., the dolomite was rapidly 
deactivated. After five cycles the activity was reduced to about 10. 
At a regeneration temperature of 2100°F., however, the dolomite maintained 
an average activity of 59 through 10 cycles. There was no clear trend 
toward loss of activity with increased cycling. It was concluded that 
dolomitic acceptor would remain about 60 percent active through at least 
10 cycles if regeneration temperatures below 2100'F. were employed. 
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I C o k e r c i a l  P rocess  

Based on t h e s e  bench-sca le  r e s u l t s ,  a p r e l i m i n a r y .  f l owshee t  for  
a commercial p l a n t  was made. The f l o w s h e e t  i s  shown i n  F i g u r e  11, and . , 
c o n s i s t s  of  fou r  major s e c t i o n s :  d e s u l f u r i z a t i o n  i n  t h e  p re sence  of 
a c c e p t o r ,  s e p a r a t i o n  o f  t h e  d e s u l f u r i z e d  c h a r  from t h e  s p e n t  a c c e p t o r ,  
r e g e n e r a t i o n  o f  t h e  s p e n t  a c c e p t o r ,  and s u l f u r  r ecove ry .  

I 

I n  t h e  d e s u l f u r i z a t i o n  s t e p ,  h o t  c h a r  a t  '1600°F., and hydrogen 
I 

. I  
a b i l i t y  t o  mix t w o  d i s s i m i l a r  s o l i d s ,  c h a r  and d o l o m i t i c  a c c e p t o r ,  and l 

from t h e  p y r o l y s i s  s e c t i o n  of  t h e  COED p l a n t ,  react with- r e g e n e r a t e d  
a c c e p t o r  i n  a r o t a r y  k i l n .  The r o t a r y  k i l n  w a s  chosen because  of its . 

t o  o p e r a t e  w i t h  a r e l a t i v e l y  l o w  g a s  f low and l o w  p r e s s u r e  drop .  Off -gases  , 
from t h e  d e s u l f u r i z a t i o n  reactor are r e t u r n e d  to  t h e  g a s  p u r i f i c a t i o n  
s e c t i o n  o f  t h e  COED p l a n t .  The s o l i d  m i x t u r e  of d e s u l f u r i z e d  c h a r  and 
s p e n t  a c c e p t o r . i s  t r a n s p o r t e d  by g r a v i t y  to  t h e  s e p a r a t o r .  / 

I A f l u i d i z e d  bed was s e l e c t e d  as t h e  s e p a r a t i o n  v e s s e l .  A t  a 
f l u i d i z i n g  v e l o c i t y  of a b o u t  2.5 f t . / sec . ,  t h e  6- x 10-mesh s u l f i d e d  
a c c e p t o r  
t h e  minus 1 6 - m e s h . d e s u l f u r i z e d  c h a r  ( s p e c i f i c  g r a v i t y  about  1) is f l u i d i z e d  
above i t .  E s s e n t i a l l y  a c c e p t o r - f r e e  c h a r  is  withdrawn from a n , o v e r f l o w  
l i n e  a t  t h e  t o p . o f  t h e  bed, cooled and sold as  a low-sul fur  b o i l e r  f u e l .  
S u l f i d e d  a c c e p t o r ,  c o n t a i n i n g  abou t  1 p e r c e n t  c h a r ,  i s  withdrawn from. I 

t h e  bottom of the bed and t r a n s p o r t e d  by a bucke t  e l e v a t o r  to t h e  re- 
g e n e r a t i o n  r e a c t o r .  The s e p a r a t i o n  v e s s e l  i s  f l u i d i z e d  by a r e c y c l e  Con 
s t r eam.  Off-gas from t h e  s e p a r a t o r ,  c o n t a i n i n g  e n t r a i n e d  c h a r ,  is hea ted  
t o  2600OF. i n  a w e t  w a l l  f u r n a c e  and serves as  t h e  f l u i d i z i n g  stream t o  
t h e  r e g e n e r a t i o n  r e a c t o r .  

( s p e c i f i c  g r a v i t y  abou t  2 )  s i n k s  t o  t h e  bottom of the '  bed w h i l e  

1 The r e g e n e r a t i o n  of s p e n t  a c c e p t o r  i s  accomplished i n  a f l u i d i z e d -  
bed r e a c t o r  a t  2000OF. Make-up do lomi te  is also added to  t h e  r e g e n e r a t o r .  
Both r e g e n e r a t i o n  and c a l c i n a t i o n  o c c u r  in' t h i s  r e a c t o r .  Regenerated 
d o l o m i t e  i s  r ecyc led  t o  t h e  d e s u l f u r i z e r .  Of f -gas  from t h e  r e g e n e r a t o r ,  ' ' 

I c o n t a i n i n g  COz, CO and S O z ,  goes  t o  t h e  s u l f u r  r ecove ry  s e c t i o n .  

I n  t h e  s u l f u r  r e c o v e r y  s e c t i o n ,  SOz-conta in ing  o f f - g a s e s  from 
t h e  r e g e n e r a t o r  a r e  c o n t a c t e d  w i t h  hydrogen- su l f ide  c o n t a i n i n g  g a s e s  
from t h e  g a s  p u r i f i c a t i o n  s e c t i o n  of t h e  COED p l a n t .  E lementa l  S u l f u r  
i s  r e c o v e r e d  by t h e  s t a n d a r d  C l a u s  p rocess :  

Bauxite, 1 S, + 2 H 2 0  
X 

SO2 + 2HzS ( 4 )  

Economics 

Both c a p i t a l  and a n n u a l  o p e r a t i n g  cost  e s t i m a t e s  f o r  t h e  COED 
c h a r  d e s u l f u r i z a t i o n  p r o c e s s  have been p repa red .  The estimates a r e  based  ' 
on add ing  a d e s u l f u r i z a t i o n  s e c t i o n  t o  a commercial COED p l a n t  p rocess ing  
3 . 5  MM t o n s  p e r  yea r  of I l l i n o i s  N o .  6-seam c o a l  (1). 1.82 MM t o n s  p e r  
y e a r  of  3 -pe rcen t - su l fu r  c h a r  are p rocessed  y i e l d i n g  1.75 MM t o n s  of 0.6-  ! 
p e r c e n t - s u l f u r  c h a r  and 91,300 l o n g  t o n s  of s u l f u r .  

I 
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Capital and annual operating costs are shown in Table 11. 
Capital costs, including indirects, were estimated ( 5 )  at $7.17 MM. 
Annual operating costs, including-13.percent capital charges, were 
estimated at $2.6 MM. The annual return on investment, plant-level 
and before taxes, is highly dependent on the price of by-product Sulfur. 
Assuming desulfurized char can be marketed at 100 percent of the value 
of coal'on a Btu basis, the effect of sulfur price on return is shown 
in Figure 12. At the present price of sulfur (61, $40 per long ton, 
the annual return on investment, plant-level and before taxes, is 23 
percent. At a sulfur price of $30 per long ton, however, the return 
is only about 10 percent. These estimates compare very favorably with 
both residual oil desulfurization (7) and stack gas clean-up schemes ( 8 ) .  
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TABLE I 

E f f e c t  o f  Ca rbon  Monoxide and.  I n e r t 6  on  R e g e n e r a t i o n  Fate 

S p a c e  V e l o c i t y ,  Average  Rate, 
Run Feed G a s  T e m p e r a t u r e ,  l b .  C 0 2 / h r . / l b .  lb .  S /h r . / l b .  1 - NO. C o m p o s i t i o n ,  % O F .  acceptor a c c e p t o r  

R-161 1 0 0  co2 2200 1 1 . 8  0.19 

R-162 90 co2 
1 0  co 

R-166 22.6 CO2 
7 7 . 4  N2 

2200 

2200 

1 2 . 3  

8.8 

0.036 

0.062 

R-182 100  co2 2000 1 . 8 0  0.090 
/ 

R-199 22.6 COP 2000 2.0 0.026 
77.4 N2 

I 
R-197 9 0  co2 2000 2.9 0.024 

10 co 

TABLE I I A  . 

C o s t  Summary - 
COED C h a r ’ D e s u l f u r i z a t i o n  P r o c e s s  

F i x e d  Capi ta l  Costs ( $ 1 , 0 0 0 )  

D e s u l f u r i z e r  
S e p a r a t o r  a n d  C y c l o n e s  
Bucke t  E l e v a t o r  
S p e n t  A c c e p t o r  Disposal 
Acceptor Make-up S y s t e m  
R e c y c l e  Gas Heaters 6 Blower 
R e g e n e r a t o r  a n d  C y c l o n e s  
S u l f u r  R e c o v e r y  S y s t e m  
S u l f u r  Storage 
Acceptor S u r g e  Tank 

TOTALC 

$ 1 , 8 2 0  
604 

2 6  
103 
1 6  3 

1 , 2 2 1  
49 8 

2 , 6 6 5  
’ 27 

4 3  
$7 ,170  
- 

* I n c l u d e s  a l l  i n d i r e c t s  a n d  f e e .  
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TABLE IIB 

Operating Costs, $/yr. 
Capital Related, % 

Taxes c Insurance 2 
Maintenance . 6  
Depreciation (20-yr.) l3 $932,000 

Labor-Fmlated 
3 men per shift @ $6OM/man-yr. $180,000 

Utilities 
Electricity @ 6 aill/kwh $ 25,000 
Cooling Water @ 2.5t/U gal. 
Boiler Peed water @ 4oc/n gal. ,,Si; 

Raw Materials 
Hydrogen @ 25C/M sct $409,000 
Oxygen @ $6.00/ton 503,000 
Dolomite @ $10.00/ton 400,000 , 
Char @ $)/ton 23,000 

53 000 Iron @ $500/ton 
3 T m a - h J  

Total Plant-Level Cost. Exclusive 
of Byiproduct Credit. $2,600,000 

FIGURE I 

COED CHAR DESULFURIZATION PROCESS 
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FIGURE 2 - 
TWO-INCH ROTARY KILN FOR CHAR DESULFURIZATION 
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FIGURE 4 - 
' SEPARATION OF CHAR AND ACCEPTOR 
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TEMPERATURE ON THE RATE OF REGENERATION 
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FIGURE e 

MOLE F R A C T I O N  C o o  MgO MRSUS TIME 
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FIGURE 10 

OEACTIVATION OF ACCEPTOR UPON CYCLING 
- 
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FIGURE 12 

EFFECT OF SULFUR CREDIT ON PROCESS ECONOMICS 
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THE CATALYTIC HYDROGENATION OF MULTI-RING 
AROMATIC COAL TAR CONSTITUENTS 

Wendell H. Wiser, S u r j i t  Singh, 
S. A. Qader, and George R. H i l l  

1 

1 
Department o f  Mineral Engineering 

Un ivers i ty  o f  Utah, S a l t  Lake City, Utah 84112 

Bituminous coal i s  understood t o  consis t  p r i m a r i l y  o f  fused r i n g  s t ructures jo ined 
together by various types o f  l inkages t o  form an extensive network. 
s t ructures are q u i t e  h i g h l y  aromatic, although considerable quant i t ies  o f  hydro- 
aromatic configurations are a lso present. The s i z e  o f  these s t ructures may vary 
f r o m  one t o  several r ings,  w i th  an average-sized conf igurat ion containing three o r  
f o u r  r ings. 

As one attempts t o  convert coal t o  useful l i q u i d  materials, i t seems desirable t o  
obta in  high y i e l d s  o f  benzene and i t s  der ivat ives.  These compounds have wide appl i -  
c a b i l i t y  as addi t ives i n  gasol ine t o  improve the  octane rat ing,  as raw materials f o r  
the mpnufacture o f  conventional explosives, as solvents and chemicals, etc. The 

. h igher  members o f  the aromatic homologous ser ies are s o l i d s  a t  room temperature. 
(The mel t ing po in t  o f  naphthalene, a two-ring s t ructure,  i s  8OUQ 

These r i n g  

I n  the course o f  coal pyro lys is ,  a s ing le - r ing  aromatic const i tuent  e x i s t i n g  i n  the 
l a t t i c e  s t ructure may poss ib ly  be l i b e r a t e d  by rupture o f  the bond(s) j o i n i n g  i t  t o  
the s t ructure,  fol lovjed by s t a b i l i z a t i o n  o f  the  fragment thus produced. S imi lar ly ,  
h igher  members o f  the aromatic homologous fused ser ies may be produced. These prod- 
ucts  may then be l i b e r a t e d  as v o l a t i l e  products as determined by t h e i r  respective 
vapor pressures. 

While aromatic-type bonds are  no t  expected t o  be thermal ly  ruptured t o  any s i g n i f i -  
cant extent  i n  t h i s  temperature range, the  s i n g l e  carbon-carbon bonds w i t h i n  the 
hydroaromatic s t ructures may be ruptured. This could lead t o  r i n g  opening of satur- 
ated por t ions o f  the hydroaromatic s t ructure,  fo l lowed by cracking o f  the side chains 
thus produced, y i e l d i n g  gases and lower aromatics. 
benzene and i t s  der iva t ives  obtained i n  coal pyro lys is  i s  produced i n  t h i s  manner. 

It i s  probable t h a t  some of the 

These processes are g r e a t l y  ass is ted  by the  presence o f  an agent which can produce 
atoms o r  small rad ica ls  t o  s t a b i l i z e  the  thermally-produced fragments. Hence, dis- 
s o l u t i o n  i n  an appropriate so lvent  (e.g., t e t r a l i n )  produces l a r g e r  quant i t ies  of 
lower-boi l ing aromatic mater ia ls .  Hydrogenation i n  the presence o f  an appropriate 

The production o f  benzene and i t s  der iva t ives  may be increased by hydrogenation and 
hydrocracking o f  h igher  members o f  the  aromatic ser ies.  

approach would consis t  o f  hydrogenation o f  a r i n g  a t  the  end o f  the c luster ,  followed 
by r i n g  opening and c rack ing  t o  produce a d e r i v a t i v e  o f  the next  lower member of the  
aromatic series. This procedure could be repeated, y i e l d i n g  u l t i m a t e l y  one molecule 
of benzene o r  a benzene d e r i v a t i v e  fo r  each aromatic c l u s t e r  thus u t i l i z e d .  
second approach may be the  hydrogenation of a r i n g  w i t h i n  the c l u s t e r  other than an 
end r ing,  followed by crack ing o f  t h i s  r i n g  t o  y i e l d  two aromatic fragments. Comple- 
t i o n  of t h i s  procedure would y i e l d  a t  l e a s t  two molecules o f  benzene o r  i t s  deriva- 
t i v e s  f o r  each c l u s t e r  thus u t i l i z e d .  

The present paper describes i n i t i a l  i n v e s t i g a t i o n  o f  these p o s s i b i l i t i e s .  
e f f o r t  t o  gain understanding o f  the basic p r i n c i p l e s  involved, the  study was i n i t i a t e d  

Cata lyst  y ie lds  y e t  l a r g e r  q u a n t i t i e s  o f  lower-boi l ing consti tuents. I 

For members o f  the series 
cons is t ing  of three r i n g s  o r  more, two possible approaches may e x i s t .  The f i r s t  I 

I The 

1 I n  an 



using pure compounds. 
l inear ,  three-ringed compound. 
extended t o  9,lO-di hydroanthracene . 

The f i r s t  compound invest igated was anthracene, a fused, 
The c a t a l y t i c  hydrocracking studies were then 

Experimental Procedure 

The equipment consisted o f  an autoclave o f  o n e - l i t e r  capacity, equipped w i t h  a var- 
i a b l e  speed magnetic s t i r r e r ,  a pressure gauge, and a t h e m c o u p l e  well .  Aux i l ia ry  
t o  the autoclave were a temperature recorder t o  f o l l o w  the  r a t e  o f  heating, rheo- 
s ta ts  t o  a s s i s t  i n  obta in ing a smooth heating curve, and a temperature c o n t r o l l e r  
capable of maintaining constant temperature w i t h i n  23°C. 

The hydrogenation experiments were performed using 25 grams o f  anthracene o f  98% 
pur i ty ,  mixed w i t h  2.5 grams o f  ca ta lys t  (n icke l  tungsten s u l f i d e  p e l l e t s  of 1/8- 
inch diameter). The system was evacuated and then f i l l e d  w i t h  hydrogen t o  a pre- 
determined co ld  pressure such t h a t  the operating pressure a t  t h e  tenperature o f  the 
experiment would be 1500 p.s.i. Approximately 20 minutes were required t o  b r ing  the 
system t o  operating temperature. S o l i d  samples f r o m  the react ion products were 
dissolved i n  t r i ch lo roe thy lene and analyzed by means o f  a f lame- ion izat ion chromato- 
graph, w i t h  an Apiezon-L separation column. L iqu ids and gases were analyzed by 
means of the gas chromatograph. 

Studies concerning the cont inudreact ions o f  the 9,lO-dihydroanthracene a t  510°C 
were performed using 25 grams o f  9,lO-dihydroanthracene o f  95% pur i ty ,  mixed w i t h  
2.5 grams o f  c a t a l y s t  (Kaolin p e l l e t s  o f  l /8- inch diameter o r  f l u i d  z e o l i t e  crack- 
i n g  cata lyst ) .  The techniques f o r  hydrogenation and product analyses were s i m i l a r  
t o  those described above. 

Results and Discussion 

Typical curves from th's >t i*dy showing the  r a t e  o f  disappearance o f  anthracene dur- 
i n g  c a t a l y t i c  hydrogenation a t  various temperatures ranging from 220" t o  435°C a re  
shown i n  Figure 1. These ddta are presented as weight percent anthracene i n  the 
product as a funct ion o f  t i m e .  

Figure 2 shows f o u r  chromatograms i l l u s t r a t i n g  the progress o f  the reactions a t  
390°C. 
cene had occurred, f o l l w e d  by some formation o f  1,2,3,4-tetrahydroanthracene. A t  
60 minutes, hydrogenation o f  anthracene was near ly  complete and a considerable 
amount o f  the  1,2,3,4,5,6,7,&octahydro-derivative had been formed. 
240 minutes, the anthracene had disappeared, together w i t h  most o f  the 9,10-derivative, 
and r i n g  opening and/or cracking o f  other anthracene der ivat ives t o  y i e l d  naphtha- 
lene der ivat ives was becoming s i g n i f i c a n t .  

Figure 3 shows four  chromatograms which i l l u s t r a t e  the  progress o f  the hydrogenation 
reactions a t  comparable times as a funct ion o f  temperature, A t  250°C and 240 min- 
utes, most o f  the anthracene had been hydrogenated, w i t h  appreciable quant i t ies  o f  
9,lO-dihydroanthracene and 1 ,2,3,4-tetrahydroanthracene present i n  the system. 
Products representing h igher  stages o f  hydrogenation were n o t  detected and no crack- 
i n g  was observed t o  occur. 
been hydrogenated t o  the dihydro- and tetrahydro-derivatives, b u t  there was s t i l l  
no evidence o f  h igher  stages o f  hydrogenation, o r  cracking t o  naphthalene derivatives. 
A t  390°C and 240 minutes, e s s e n t i a l l y  all  o f  the anthracene had been hydrogenated, 
w i t h  ra ther  small amounts o f  9,lO- and large amounts o f  1,2,3,4-derivatives of anthra- 
cene present, bu t  w i t h  an appreciable amount o f  1,2,3,4,5,6,7,&octahydroanthracene 
now present. Naphthalene der ivat ives,  products o f  the  hydrocracking o f  one o r  more 
of the anthracene der ivat ives,  had appeared. A t  435°C and 200 minutes, most Of the 

\ 
A t  35 minutes, a considerable amount o f  hydrogenation t o  9,lO-dihydroanthra- 

F ina l l y ,  a t  

A t  300°C and 200 minutes, more o f  the anthracene had 

1 

) 9,lO-dihydroanthracene had been f u r t h e r  hydrogenated, w i t h  a la rge  quant i t y  of the 

I 
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octahydroanthracene present,  but a l so  w i t h  considerable amounts of naphthalene deri-  
vatives present. 
now observed. 
the naphthalene derivatives , o r  perhaps of the remnant of the  1,2,3,4,5,6,7,8- 
octahydroanthracene. 

Figure 4 shows the ra te  of production of 9,lO-dihydroanthracene during ca t a ly t i c  
hydrogenation of anthracene. The data indicate t h a t  this is the  f irst  s t ab le  com- 
pound formed. A t  220"C, y ie lds  o f  nearly 80% of this product, by weight, were 
obtained. As the temperature increased, the maximum quantity of this compound i n  
the  system decreased due t o  the continued hydrogenation i n  other positions on the  
molecule. A t  temperatures of 345°C and higher, the y ie ld  of 9,lO-dihydroanthracene 
reached a maximum, then decreased a t  longer times due to  continuing hydrogenation. 

Figure 5 shows the ra te  of formation of lY2,3,4-tetrahydroanthracene. I t  is observed 
t h a t  a t  temperatures o f  250°C and lower, the yields of this product continued t o  
approach a maximum value a t  long times and did not pass through a maximum. The 
data indicated only t races  o f  products representing further stages of the hydrogena- 
t i on  process. A t  higher temperatures, the yields of 1 ,ZY3,4-tetrahydroanthracene 
reached a maximum value f o r  each temperature, then diminished due t o  continuing 
hydrogenation. 

Figure 6 shows the ra te  o f  formation of 1,2,3,4,5,6,7,8-0ctahydroanthracene as a 
continuation of the process o f  ca ta ly t i c  hydrogenation of anthracene. Since only 
t races  of t h i s  compound were formed a t  250°C and lower, these temperatures a re  not 
represented. 
increase w i t h  time, the data indicating only small quant i t ies  of further reaction 
products. A t  435"C, a maximum quantity of 1,2,3,4,5,6,7,8-0ctahydroanthracene was 
observed, followed by a decrease as cracking of the molecule occurred, t o  y ie ld  
naphthalene derivatives.  
formed below 435°C. 

In addition, s ign i f icant  quant i t ies  of benzene derivatives were 
They were apparently formed by further hydrogenation and cracking of 

A t  345" and 390"C, the quant i t ies  of t h i s  compound continued t o  

Only small quant i t ies  of naphthalene derivatives were 

1 

Figure 7 shows the ra te  of formation of naphthalene and i t s  derivatives.  These com- 
pounds a re  apparently formed by opening a saturated r i n g  on the end of the hydro- 
aromatic molecule, perhaps followed by cracking o f  the  side chain produced, t o  y i e ld  
gas and a naphthalene derivative.  
appreciable, b u t  cracking of these s t ruc tures  i s  very limited a t  lower temperatures. 

, I 

( A t  temperatures above 500"C, t h i s  reaction is 

As the  hydrogenation reactions continued, a second saturated ring was apparently 
opened, perhaps followed by cracking of the  s ide  chains thus produced, yielding gas 
and benzene o r  its derivatives.  Figure 8 shows the  r a t e  of formation of these com- 
pounds. 

The curves a t  510°C i n  Figures 7 and 8 were obtained using 9,lO-dihydroanthracene 
of 95% pur i ty  as the raw mater ia l ,  Kaolin ca t a lys t ,  and hydrogen pressure of 300 
p.s.i.  The other curves a t  the lower temperatures i n  these two figures represent 
the continuing hydrogenation of anthracene described above. I 

mum quan t i t i e s  of the various hydrogenation products appear i n  the following order: 
9,lO-dihydroanthracene (about 40 minutes) , 1,2,3,4-tetrahydroanthracene (about 100 
minutes), and 1,2,3,4,5,6,7,8-0ctahydroanthracene (about 140 minutes). The appear- 
ance of naphthalene derivatives i s  subsequent t o  o r  concurrent w i t h  the appearance 

the  naphthalene derivatives may occur primarily on the octahydro derivative of anthra- 
cene under the conditions o f  these investigations.  
veri f i ed. 

These reactions occurred only a t  the higher temperatures a t  longer times. 
I 

An analysis of the data a t  a pa r t i cu la r  temperature (e.g.,, 435°C) reveals t ha t  maxi- 4 

i 

I 
o f  the octahydroanthracene, suggesting t h a t  the ring opening reactions t o  produce I 

This, however, has not been 
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Kaolin, which has proven effect ive as a cracking cata lyst ,  was t r i e d  using 9,lO- 
dihydroanthracene as the raw mater ia l ,  a hydrogen pressure o f  300 p.s.i., and a 
temperatuw of 510°C. The progress of the hydrocracking react ions i s  r e a d i l y  
observed i n  Figure 9. A t  60 minutes, a considerable quant i t y  o f  1,2,3,4-tetrahydro- 
anthracene had formed, accompanied by some dehydrogenation t o  anthracene due t o  the  
equ i l ib r ium invo lv ing  these three compounds. A t  t h i s  time, small  quant i t ies  of 
naphthalene der ivat ives had appeared, bu t  on ly  a t race o f  benzene der ivat ives.  A t  
120 minutes, the anthracene had e s s e n t i a l l y  disappeared, accompanied by a fur ther  
reduct ion i n  the quant i t y  o f  9,lO-dihydroanthracene. There was an observable decrease 
i n  the quant i ty  o f  lY2,3,4-tetrahydroanthracene, accompanied by t h e  production of 
a considerable quant i t y  o f  1,2,3,4,5,6,7,8-0ctahydroanthracene. The y i e l d s  o f  
naphthalene der ivat ives had become s i g n i f i c a n t  by t h i s  t i m e  (approximately 6.5 w t .  
percent) and small amounts o f  benzene der ivat ives had appeared. A t  240 minutes, the 
anthracene der ivat ives had diminished great ly ,  accompanied by formation of ra ther  
large amounts of naphthalene der ivat ives (approximately 44 w t .  percent) and a s ign i -  
f i can t  quant i ty  o f  benzene der ivat ives (approximately 18 w t .  percent). 

The data f o r  the hydrogenation o f  anthracene, as represented b y  the r a t e  o f  d is-  
appearance o f  anthracene i n  Figure 1, may be analyzed by applying a f i rs t -o rder  
d i f f e r e n t i a l  equation. 
remains essent ia l l y  constant (a good approximation u n t i l  cracking becomes s i g n i f i -  
cant), weights may be used i n  t h e  equation. 

I f  the  average molecular weight o f  the products o f  react ion 

dx = k ' (a-x)  x. 
where "x" i s  the weight f rac t ion  o f  anthracene which has reacted a t  t i m e  "t", ''a'' 
i s  the i n i t i a l  weight f r a c t i o n  o f  the anthracene which may r e a c t  a t  i n f i n i t e  time, 
and "k"' i s  the react ion v e l o c i t y  constant. In tegra t ing  equation 1 and evaluating l 

4 the constant o f  in tegra t ion  w i t h  x = 0 when t = 0 y ie lds :  

I n  = k ' t  (2) a- x 

A p l o t  o f  equation 2 i s  shown i n  Figure 10, where t h e  reasonably s t r a i g h t  l i n e s  
ind ica te  t h a t  the hydrogenation o f  anthracene a t  1500 p.s.i. hydrogenation pressure 
i s  f i r s t  order i n  the  temperature range o f  220" t o  435°C. 

The r a t e  o f  a chemical reac t ion  i s  determined by the  f r e e  energy o f  ac t i va t ion .  The 
react ion ve loc i ty  constant may be r e l a t e d  t o  the  f r e e  energy o f  a c t i v a t i o n  by the 
fo l low ing  equation (1 1: 

\ 

or, since A F  = AH-TAS: 

k '  = d x  kT e-AH*/RT eAS1/R 

where AF?, AH?, and AS* are the f r e e  energy, heat, and entropy o f  act ivat ion, respec- 
t i v e l y ,  "k" i s  the  Boltzmann cgnstant, "h" i s  t h e  Planck constant, a n d H i s  a trans- 
mission coef f i c ien t  representing the f r a c t i o n  o f  ac t i va ted  complexes which leads t o  
formation o f  products (usual ly  considered equal t o  one). 

Equation 4 may be w r i t t e n  i n  the  form: 

1 ,  

( 5 )  h = -AH* 1 ASz 
l n n T  R T + R  

I 
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Figure 11 represents a p It of equation 5 from wh.31 i s  obtained an ac t iva t ion  
enthalpy o f  3.8 kcal/mole and an entropy of ac t i va t i on  of -15.5 entropy uni ts.  The 
small  ac t i va t i on  enthalpy ind ica tes  t h a t  physical fac to rs  ra the r  than chemical reac- 
t ions  control  the ove ra l l  r a t e  o f  the process. The p o s s i b i l i t i e s  include d i f f us ion  
o f  the anthracene t o  the c a t a l y s t  surface, o r i en ta t i on  and adsorption on the ca ta lys t  
surface, desorption o f  the  reac t i on  products from the  ca ta lys t  surface, and d i f f us ion  
o f  these products away from the  surface. This study does not provide information 
t o  i d e n t i f y  the r a t e - c o n t r o l l i n g  process. 

I n  the formation o f  a covalent bond between two atoms, the resonance energy o f  the 
electrons involved increases i n  ma n i tude as the degree o f  overlapping o f  the atomic 
o r b i t a l s  involved increases (2 ) .  !The word "overlapping" s i g n i f i e s  the extent o f  
coincidence o f  the regions i n  space i n  which the o r b i t a l  wave funct ions have la rge  
values.) This resonance energy i n  la rge  measure accounts f o r  the  energy o f  the 
covalent bond. Hence, other fac to rs  excluded, shor te r  bonds between two a tom 
would possess greater energy than longer bonds between the  same two atoms. 

I f  one considers the  l i n e a r  ser ies ,  benzene (1 r ing) ,  naphthalene (2  fused r ings),  
anthracene ( 3  fused r ings),  naphthacene (4  fused r ings) ,  etc., a very marked and 
progressive increase i n  r e a c t i v i t y  i s  noted as the ser ies i s  ascended (3) .  Thus, 
pentacene ( 5  l i n e a r  fused r i ngs )  i s  h igh l y  reac t ive  and heptacrne ( 7  r i ngs )  i s  so 
reac t ive  t h a t  it i s  impossible t o  ob ta in  i t  i n  a pure state.  This increase i n  
r e a c t i v i t y  i s  accompanied by an increase i n  tendency t o  y i e l d  add i t i on  ra ther  than 
subs t i t u t i on  products. Thus, anthracene i s  more l i k e l y  t o  reac t  by addi t ion than 
by subs t i t u t i on  under m i l d  condi t ions.  

Whereas a conjugated molecule (e.g., the polyenes) manifests a l te rna te  longer and 
shor te r  bogds, aromatic compounds do no t .  Hence, i n  benzene a l l  bonds are equal t o  
about 139 A. 
a l te rna te ly .  

Variat ions i n  bond distances occur i n  m u l t i r i n g  conpounds, bu t  not 
Hence, the observed bond distances i n  the anthracene molecule are as 

fo l lows ( 3 ) :  

The various pos i t ions  on the  m u l t i r i n g  aromatic molecule manifest d i f f e r e n t  d e g m s  
o f  r e a c t i v i t y .  
inves t iga tors )  t o  add hydrogen i n  the 9 and 10 pos i t ions  t o  form the dihydride, pro- 
ducing y ie lds  o f  t h i s  compound as high as 80% by weight under c a r e f u l l y  con t ro l led  
condit ions. As the ser ies is ascended, the s t a b i l i t y  o f  the dihydro-derivatives 
increases notably. 
thalene i s  moderately stable;  bu t  9,lO-dihydroanthracene i s  a s tab le  compound. With 
some o f  the higher members o f  the ser ies,  t h e  tendency t o  form dihydro-derivatives 
i s  very marked, such t h a t  when heated, pa r t  o f  the compound i s  &canposed and p a r t  
converted t o  the  dihydride. 

The add i t ion  o f  hydrogen i n  the  9 and 10 pos i t ions  o f  the anthracene molecule (and 
i n  comparable pos i t ions  away f r o m  an end r i n g  on the  h igher  aromatic homologus) 
would a l t e r  the  aromatic na ture  o f  t he  bonds adjacent t o  these posi t ions.  
expect a reduction i n  the resonance energy o f  the  electrons associated w i th  these 
bonds due t o  t h i s  a l t e r a t i o n  i n  aromatic nature, w i t h  a r e s u l t i n g  weakening and 
lengthening o f  t h e  bonds. 
bonds i n  preference t o  o the r  bonds w i t h i n  the  fused structure.  To date, such a 
rupture has no t  been observed t o  occur. Attempts t o  c a t a l y t i c a l l y  hydrocrack the 
9,lO-dihydroanthracene r e s u l t e d  i n  hydrogenation i n  the  1,2,3,4 pos i t ions  with an 

Hence, anthracene was observed i n  t h i s  study (as ne11 as by other 

Thus, dihydrobenzene i s  re1 a t i v e l y  unstable; 1,4-dihydronaph- 

One might 

It would then be t h e o r e t i c a l l y  possible t o  rupture these 
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accompanying s h i f t  o f  hydrogen from the 9 and 10 positions. This shift  i s  probably 
associated with the change i n  electron orbitals incident t o  the removal of the aro- 
maticity o f  the r ing involving the 1,2,3,4 positions. 
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THE EFFECT OF A SIEMENS OZONIZER DISCHARGE ON THE REACTION OF ETHYLENE AND STEAM 

T.C. Ruppel, P.F. Mossbauer, and D. Bienstock 

U.S. Department of the  I n t e r i o r ,  Bureau of M i n e s ,  
P i t t sburgh  Coal Research Center,  P i t t sburgh ,  Pa. 

Abstract  

I n  the  presence of a Siemens ozonizer discharge,  ethylene and steam reac t  exo- 
thermally t o  produce a la rge  number of gaseous and l i qu id  products.  A t  8.5:l steam- 
e thylene  molar r a t i o ,  160 hourly space ve loc i ty ,  one atmosphere p re s su re ,  24OoC, 
460 volt-amperes power drawn by the  r e a c t o r ,  and 10,000 H e r t z  A.C. frequency, a 
s i n g l e  pass ethylene conversion o f  70 percent  w a s  obtained. 
c o n s i s t  of hydrogen, carbon d ioxide ,  carbon monoxide, ethane, methane, propane, 
propylene, and isomeric butanes,  butenes, pentanes,  pentenes,  hexanes, and hexenes. 
The l i qu id  f r a c t i o n  i s  more complex. Charac te r iza t ion  o f  t h i s  l i q u i d  by a n a l y t i c a l  
l i qu id  Chromatography, gas  chromatography, and mass spectrometry ind ica ted  the  
presence of a t  least 75  components cons i s t ing  mostly of pa ra f f in s ,  o l e f i n s ,  and oxy- 
genates.  The oxygenates are l a rge ly  a lcohols .  The experimental d a t a  ind ica t e  t h a t  
e thylene  conversion increases  with steam-ethylene molar r a t i o ,  input  e l e c t r i c a l  
power, and temperature, and decreases with increas ing  flow r a t e .  There i s  no re- 
a c t i o n  a t  t h e  s t a t ed  condi t ions  i n  t h e  absence of an e l e c t r i c  f i e l d .  

The gaseous products 

In t roduct ion  

Novel techniques a r e  being inves t iga ted  by the  Bureau of Mines t o  f ind  new 
uses f o r  c o a l  o r  coa l  products. One technique under study uses a n  ozonizer d i s -  
charge t o  induce chemical r eac t ions  w i t h  i n d u s t r i a l  po ten t i a l .  I n i t i a l l y ,  t he  gas  
phase r eac t ion  of carbon monoxide and steam t o  produce carbon d ioxide  and hydrogen 
i n  t h e  absence of a c a t a l y s t  was inves t iga ted  (12). The e f f e c t  of 60 Hz input 
power, p ressure ,  space velocity-,  and temperature on carbon monoxide conversion w a s  
determined. In  the  present  paper,  w e  r epor t  on the  r eac t ion  of e thylene  and steam 
i n  t h e  e l e c t r i c  discharge.  

From a chemical viewpoint,  t h e  ethylene-steam and carbon monoxide-steam re- 
a c t i o n s  a r e  e n t i r e l y  d i f f e r e n t .  Whereas t h e  carbon monoxide-steam reac t ion  y i e lds  
carbon d ioxide ,  hydrogen, and a t r a c e  of methane (less than l%), t he  products from 
the ethylene-steam reac t ion  number a t  l e a s t  88. This can be  in fe r r ed  from Reaction 
1 and Figure 1. There were 13 gaseous and 75 l i qu id  products de tec ted  i n  the  pa r -  
t i c u l a r  experiment descr ibed ,  a l l  of which cannot be  seen i n  t h e  reproduced gas 
chromatogram. 

Equipment and Procedure 

The e l e c t r i c a l  d i scharge  u n i t  and opera t ing  procedure employed i n  t h i s  i n -  
v e s t i g a t i o n  have been described previous ly  (12). 
compressed gas cy l inder  i s  passed through a steam generator.  
genera tor  i s  maintained a t  a p reca l ib ra t ed  temperature so t h a t  t h e  r e s u l t i n g  e thy l -  
ene-steam flow r a t e  and molar r a t i o  meet the requirements of t he  experiment. 
mixture e n t e r s  a Siemens-type r e a c t o r ,  undergoes r eac t ion ,  and e x i t s  through a cold 
t rap .  The noncondensible gaseous product continues through a sample c o l l e c t i o n  
t r a i n  of  s i x  gas c o l l e c t i o n  b o t t l e s  i n  series, and f i n a l l y  through a wet test meter 
f o r  e x i t  flow measurement. The co ld  t r ap  i s  maintained a t  -21'C by means of an  
i c e - s a l t  mixture. 

B r i e f l y ,  metered e thylene  from a 
The water i n  the  steam 

The 

The Siemens-type ozonizer r e a c t o r ,  and the  methods used f o r  e l e c t r i c a l ,  flow 
ra te ,  and temperature measurements a r e  described i n  Reference 12. 

i 
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Afte r  the  des i red  e thy lene  and steam flow rates were obtained and s t ab i l i zed ,  
t he  discharge was i n i t i a t e d .  

The gaseous product was analyzed by means of gas  chromatography and mass 
spectrometry. 
graphy, gas chromatography, and mass spectrometry. 

Resul t s  and Discussion 

The l i qu id  po r t ion  was charac te r ized  by a n a l y t i c a l  l i qu id  ch rwa to -  

The primary c h a r a c t e r i s t i c  of t h e  ethylene-steam reac t ion  i n  an ozonizer d i s -  
charge i s  the  complexity of t h e  product mixture. 
one s e t  of conditions (Experiment No. 368) i s  given i n  React ion 1. The organic 
l i qu id  por t ion ,  i m i s c i b l e  with water,  i s  charac te r ized  i n  Figure 1 and Table 1. 
Fur ther  cha rac t e r i za t ion  i s  i n  progress.  

A complete ma te r i a l  balance fo r  

Experimental r e s u l t s  a r e  given in  Table 2. 

Experiment No. 368 
-21OC 

gas cold trap 

69.9 mole X ethylene 
10.2 hydrogen 
4.9 butanes 
2.6 ethane 
2.1 carbon monoxide 
2.1 pentanes 
1.8 hexanes 

50 mole % ethylene dzonizer discharge 1.6 butenes + 5.1.mole % 
50 water > 1.2 . propane organics 

0.0202 lb/hr 
0.000882 Ib mole/hr 
0.30 SCFH 

1.1 hexenes 94.9 waier (1) 
0.9 pentenes 
0.7 methane 
0.7 propylene - 0.1 carbon dioxide 

99.9 

0.00844 lb /h r  0.00970 lb /hr  
0.000277 lb  mole/hr 0.000392 Ib 
0.099 SCFH mole/hr 

Table 1. - Charac ter iza t ion  of Organic Liquid Product 

Experiment No. 368 

Average molecular weight ( U a )  - ---- ----- --- ------ 150 

c13 
c14 

30% by vol.  

20% by vol.  
50% by vol.  
0.76 g/cc 

Maximum carbon number de tec ted  
Gas chrmatography .............................. 
Mass spectrometry ............................... 

Molecular types present  
Pa ra f f in i c  (FIA and Bb), approx. --------------- 
Olef in ic  + Oxygenates (FIA and MS) 

Heavy ends , approx. - -- - -- - -- -- -- -- - - - -- -- - --- 
Light ends,  approx. ------------------_------- 

Bulk dens i ty  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a. Anaiy t ica l  l i qu id  chromatography. 
b. Fluorescent i nd ica to r  ana lys i s  ( A S M  D-1319-56T) and 

mass spectrometry.  



Exp't. 
NO. - 

368 
377 
377A 

3 78 
3 78A i\ 378B 
379 
3798 
379B 
380 
380A 

38 1 
38lA 
38 1B 
382 
382A 
3828 
383 
383A 
383B 
384 
384A 
384B 
385 

\ 

1 3778 

3 8 0 ~  

, 

\ 

Percent 
Ethylene 
Convers iona 

54.9 
66.1 
68.0 
70.0 
11.2 
16.3 
21.3 
10.2 
14.0 
17.7 
0 
1 . 5 .  
2.4 

11.2 
36.7 
53.4 

3.2 
3.8 
4.5 
2.0 
7.5 

13.1 
5.0 
8.8 

12.7 
0 

3 1 5  

Table 2.- Experimental Resul t s  

10,000 Hz A.C. frequency 
1 atmosphere pressure 

Steam- 
Ethylene Space Tempera- 
Molar Veloci ty ,  t u r e ,  
Rat io  hr'l "C 

1.0 
8 .5  
8.5 
8.5 
2.8 
2.8 
2.8 
1.0 
1.0 
1.0 
0.61 
0.61 
0.61 
7.0 
7 .O 
7.0 
0.70 
0.70 
0.70 
3.0 
3.0 
3.0 
1.0 
1.0 
1.0 
8.5 

56 
160 
160 
160 
270 
270 
270 
100 
100 
100 
320 
320 
320 
140 
140 
140 
325 - 

325 
325 
270 
270 ' 

270 
105 
105 
105 
160 

125 
240 
240 
240 
230 
230 
230 
245. 
245 
245 
140 
140 
140 
140 
140 
140 
220 
220 
220 
140 
140 
140 
120 
120 
120 
240 

Second ry 
Power, 
v o l t -  
amperes 

23 1 
380 
420 
460 
380 
420 
460 
'380 
420 
460 
380 
420 
460 
380 
420 
46 0 
380 
420 
460 
380 
420 
460 
380 
420 
46 0 

0 

6 

a. Percent conversion 
b. Volt-amperes drawn by the  reac tor .  

L(SCFH~, - S C F H ~ ~ ~ ) / ( S C F H ~ ~ ) I  (100). 

Secondary 
Voltage, 
r.m.s. 
v o l t s  

7000 
6390 
6530 
6670 
6620 
6920 
7220 
6790 
7000 
7210 
7060 
7380 
7 700 
7 100 
7020 
6940 
6690 
7160 
7620 
7260 
7250 
7240 
7290 
7500 
7720 

0 

As par t  of a l a rge r  program t o  de l inea te  the  e f f e c t  of process  va r i ab le s  on 
product c h a r a c t e r i s t i c s ,  t h e  e f f e c t  of steam-ethylene feed molar r a t i o ,  space 
ve loc i ty ,  and temperature on ethylene conversion was determined. 

The da ta  w e r e  analyzed by means of  a l i n e a r  hypothesis s t a t i s t i c a l  empir ical  
m o d e l  ( 9 ) .  With t h i s  model i t  i s  assumed t h a t  the  conversion of e thylene  is de- 
pendent on all va r i ab le s  s tud ied  t o  the  f i r s t  power only. The dependent va r i ab le  
could be chosen from any measured product c h a r a c t e r i s t i c :  amount of organic product 
o r  s i n g l e  compound produced, e thylene o r  steam conversions, product dens i ty ,  average 
molecular weight, e t c .  W e  chose the  percentage conversion of e thylene.  

The fo l lov ing  regress ion  equat ion r e su l t ed  from t h i s  model: 

Percent 
Ethylene = 
Converted 

17.35 - 2.31 (MR) - 0.0529 (SV) - 0.0191 (T) 4- 0.04079 (ME)(T), (1) 
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where: MR = steam-ethylene feed molar r a t i o  
SV.= space v e l o c i t y ,  hr-', f l o w  r a t e / r e a c t o r  volume 
T = temperature, "c. 

Equation 1 r ep resen t s  the  experimental d a t a  of Table 2 a t  420 volt-amperes 
secondary power. 
equat ion  because e thylene  conversions obtained a t  380, 420, and 460 volt-amperes 
secondary power were not -obtained from experiments c a r r i e d  out i n  a randomized 
sequence. This could,  and d i d  i n  a test equation inc luding  secondary power, lead 
t o  spurious regress ion  c o e f f i c i e n t s  f o r  terms conta in ing  secondary power. 
i n  Table 2, molar r a t i o ,  space v e l o c i t y ,  and temperature were randomized with re- 
spec t  t o  sequence. 
pendent va r i ab le s .  However, Table 2 does i n d i c a t e  t h a t  e thylene  conversion i n -  
creases w i t h  power drawn by t h e  r eac to r .  

Secondary power does not appear as a v a r i a b l e  i n  the  regress ion  

A s  seen 

Randomization e l imina tes  any apparent c o r r e l a t i o n  of inde- 

The e f f e c t  of steam-ethylene molar r a t i o ,  space ve loc i ty ,  and temperature on 
e thylene  conversion can b e  e a s i l y  seen from Table 3 ,  which w a s  ca lcu la ted  from .I 

Equation 1. 

Table 3.- Ethylene Conversions Calculated from Equation 1 

10,000 Hz A.C. frequency 
1 atmosphere pressure  
420 volt-amperes drawn by r e a c t o r  

/ 
Percent Steam- Space Tempera- 
Ethylene Ethylene Veloc i ty ,  t u r e ,  
Conversion Molar Rat io  h r - l  "C 

12.0 
14.1 
1.5 
3.5 

15.5 
25.8 

5.5 
15.2 

1 
1 
1 
1 -  
3 
3 
3 
3 

100 
100 
300 
300 
100 
100 
300 
300 

100 
200 
100 
200 
100 
200 
100 
200 

/ 

I 

An inspec t ion  o f  Table 3 shows t h a t  steam-ethylene molar r a t i o  and temperature have 
a p o s i t i v e  e f f e c t  on conversion, whereas space v e l o c i t y  e x e r t s  a nega t ive  e f f e c t .  

According t o  Table  2 ,  maximum conversion of e thylene  wi th in  t h e  range of 
Equation 1 w a s  found i n  Experiment No. 377A. 
compares with a va lue  of 67.7 obtained by ca l cu la t ion .  
by t h e  equation and Table 3 would be  high steam-ethylene molar r a t i o ,  low space 
v e l o c i t y ,  and high temperature. 

The experimental va lue  o f  68.0 percent 
Regions of i n t e r e s t  suggested 

It was found that no e thylene  w a s  converted t o  gaseous o r  l i qu id  products i n  
t h e  absence of an  electrical f i e l d  i n  Experiment No. 385. 
those  y i e ld ing  the  h ighes t  e thylene  conversion, Experiment No. 377. Thus the re  is 
no thermal r eac t ion  a t  t h e s e  condi t ions  and i t  i s  t h e  d ischarge  which suppl ies  the  
energy necessary f o r  r eac t ion .  The authors '  previous inves t iga t ion  (12) , us ing  the  
water-gas s h i f t  r e a c t i o n  (H$ + CO = H2 + COz), has  ind ica t ed  t h a t  t h e  d ischarge  i s  
necessary i n  t h a t  case a l s o ,  and f u r t h e r  t h a t  t h e  qua r t z  walls of t h e  ozonizer are 
probably not involved. By analogy, i t  appears t h a t  t h e  ethylene-steam reac t ion  i n  
an  ozonizer d i scharge  i s  a l s o  a homogeneous gas  phase reac t ion .  

These cond i t ions  matched 

1 
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We have obtained some preliminary experimental r e s u l t s  a t  60 Her tz  A.C. f r e -  
quency. 
u c t  c h a r a c t e r i s t i c s  appear t o  be iden t i ca l .  
This va r i ab le  w i l l  be  s tud ied  fu r the r  i n  fu tu re  experiments. 

With i d e n t i c a l  condi t ions ,  except frequency, t he  gaseous and l i q u i d  prod- 
However t h e  product y i e l d  is less. 

The o v e r a l l  ethylene-steam reac t ion  i s  exothermic. The hea t  of r eac t ion  i s  

The discharge  by its 
These a r e a s  could become 

s u f f i c i e n t  t o  keep the  r eac t ion  temperature above t h e  condensation poin t  of steam. 
I n  p rac t i ce ,  s e c t i o n a l  hea t ing  and cool ing  were employed. 
na ture  has  a tendency to  l o c a l i z e ,  producing h o t  spots.  
t he  s i t e s  f o r  arc formation, with subsequent qua r t z  r e a c t o r  pe r fo ra t ion  and f a i l u r e .  
A r e l a t i v e l y  even and s t a b l e  d ischarge  was obtained with t h e  jud ic ious  in t e rmi t t en t  
use of small cooling fans  and sec t iona l  hea te rs .  

Comparison with Other Ethylene Reactions 

There appears t o  have been no previous inves t iga t ions  of t h e  ethylene-steam 
reac t ion  i n  an electrical discharge.  
charge: arc, glow, microwave, ozonizer,  o r  radiofrequency. However similar systems 
have been s tudied  by o thers .  
nondisruptive d ischarges  w a s  studied by Andreev (l),  Dem’yanov and Pryanisnikov (2), 
Eidus ( 3 ) ,  Eidus and Nechaeva (4), Fu j io  (5),  Jov i t sch i t s ch  (7,8), Mignonac and D e  
St.  Aunay ( lo ) ,  S t r a t t a  and Vernazza (14,15,19), and Szukiewicz (16). The ethylene- 
a i r  system has  been inves t iga t ed  by Sugino, Inoue, Koseki, and G o m i  (17), Vernazzi 
and S t r a t t a  (18), and t h e  au thors  (13). Vernazzi and S t r a t t a  and the authors  a l s o  
inves t iga ted  the  ethylene-carbon d ioxide  system. Ethylene p lus  n i t rogen  w a s  s tud-  
ied by Miyamoto (11). 
inves t iga ted  by Hinde and L ich t in  (6) f o r  t h e  purpose of e luc ida t ing  t h e  mechanism 
of o l e f i n  r eac t ions  with a c t i v e  nitrogen. 
cerned with ozonizer d i scharges  a t  o r  around atmospheric pressure ;  however the  A.C. 
frequencies employed va r i ed  g rea t ly .  

This inc ludes  any form of electrical d i s -  

The decomposition and polymerization of ethylene i n  

The ethylene-nitrogen-propane system i n  a glow discharge  w a s  

Most o f  t he  above c i t a t i o n s  w e r e  con- 

The above inves t iga t ions  can be q u a l i t a t i v e l y  sunrmarized by t h e  following 
reac t ions :  

References 1.2.3.4,5,7,8.10.14.15,16 and 19 

nondisruptive d ischarges  

near atmospheric pressure  
Ethylene > 

Reference 17 

1.68 e thylene  
5.00 a i r  

Reference 18 

1 e thylene  
5 a i r  

ozonizer 
atmospheric pressure  ’ 

ozonizer 
near atmospheric pressure  ’ 

ace ty lene  
butadiene 
butene - 1 
ethane 
hexene-1 
hydrogen 
methane 
l i qu id  + s o l i d  products 

(2) 

acetaldehyde 
carbon d ioxide  
d i  f ormy 1 per  oxide  
e t h y l  a lcohol  
e thylene  oxide 
formaldehyde 
hydrogen 
m e  thane 
methyl a lcohol  
propargyl a l coho l  
water 

carbon d ioxide  
water 

(4) 
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Reference 13 
carbon monoxide 

ozonizer formaldehyde 
1 ethylene 10.000 Hz A.C. freq.  hydrogen 
1 a i r  atmospheric pressure  methyl a lcohol  

paraformaldehyde 
water 
o ther  l i qu id  products 

Reference 11 

2 ethylene "si  l e n t  discharge" 'i 
1 ni t rogen  near atmospheric pressure  

Reference 18 

e thylene  ozonizer 
'carbon dioxide 1:4 t o  4 : l  r a t i o s  

> 

Reference 13 

ozonizer 
1 ethylene 10,000 Hz A.C. f req .  

dioxide atmospheric pressure  ' 

ace t y  1 ene 
hydrogen cyanide 
l i qu id  + s o l i d  products 

carbon monoxide 
hydrogen 
methane 
l i qu id  sa t ' d .  hydrocarbons 

butanes 
butenes 
carbon monoxide 
ethane 
hexanes 
hydrogen 
pentanes 
pent ene s 
l i qu id  products 

(5) 

(7) i 

I 
In  p r a c t i c a l l y  a l l  cases t h e  above r eac t ions  d id  not proceed t o  completion. . The 
res idence  time was too s h o r t  f o r  t he  complete r eac t ion  of feed ma te r i a l .  

F a c t o r i a l l y  designed experiments are i n  progress t o  simultaneously determine 
the  e f f e c t  of A.C. frequency, molar r a t i o ,  power drawn by reactor, p re s su re ,  space 
v e l o c i t y ,  and temperature on t h e  var ious  dependent v a r i a b l e s  prev ious ly  mentioned. 
Following these experiments i t  should be poss ib l e  wi th in  t h e  l i m i t a t i o n s  of t h e  
chemistry involved, to  produce product with spec i f i ed  c h a r a c t e r i s t i c s .  

I 

Conclusions 

The ethylene-steam r e a c t i o n  holds  p o t e n t i a l  engineering appl ica t ions .  It i s  
novel,  e x h i b i t s  good r e a c t i v i t y  from a t echn ica l  viewpoint, can be c a r r i e d  out under 
mild condi t ions ,  and produces a myriad of a lcohols ,  o l e f i n s ,  and pa ra f f in s .  As  a 
mixture  analogous t o  c rude  petroleum, Fischer-Tropsch synthes is  product,  o r  t h e  
product from d e s t r u c t i v e  d i s t i l l a t i o n  of coa l ,  t h e  ethylene-steam r e a c t i o n  product 
may prove to  be a rich source  of syn the t i c  organic chemicals. 

Within the  l i m i t s  of t h i s  i nves t iga t ion ,  t he  following conclusions can be  
drawn: 

(1) Ethylene convers ion  i s  h igher  a t  h igher  steam-ethylene molar r a t i o s ,  
power inpu t s ,  and temperatures,  and a t  lower space velocities. 

(2) No e thylene  or steam w a s  converted to products i n  the  absence of an 
electric f i e l d .  
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Figure 1.- Typical Gas Chromatogram of the Organic Liquid Products from 

the Ethylene-Steam Reaction i n  an Ozonizer, Discharge. 
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THE CONVERSION OF COAL TO ACFMLENE 
I N  ARC HEATED HYDROGEN , 

R.E. Gannon, V.J. Krukonis, T. Schoenberg 

B 

\ 

AVCO Corporation/ATD 
Lowell I n d u s t r i a l  Park 
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I. INTRODUCTION 

I n  recent years  in tense  research has been d i r e c t e d  toward t h e  develop- 
m e n t  of coal  t r e a t i n g  processes  designed t o  produce hydrocarbons f o r  t h e  chemical 
industry.  The major p o r t i o n  of t h i s  e f f o r t  has been aimed at producing p i p e l i n e  
gas  and coal-derived l i q u i d  fue ls ,  such as gasol ine ,  by processes  involving high 
pressure,  c a t a l y t i c  hydrogenation c a r r i e d  out  i n  f l u i d  bed (l), slurry (2,3) and 
t r a n s p o r t  r e a c t o r s  (4) .  

While t h e  processes  f o r  producing gaseous and l i q u i d  f u e l s  by conven- 
t i o n a l  techniques w e r e  being developed, explora tory  experiments t o  i n v e s t i g a t e  
t h e  rapid pyro lys i s  of  coa l  t o  gaseous products  were  i n  progress.  
s t u d i e s  energy sources such as d.c. arcs ( 5 , 6 ) ,  lasers ( 7 ) ,  f l a s h  lamps (8), 
plasma jets (9-12)  and a r c  image furnaces  (13,14) have been used t o  heat  coa l  a t  
tempefatures above l5OOOC. The results of t h e s e  s t u d i e s  show that t h e  rap id  
p y r o l y s i s  of coal  produces a gaseous m i x t u r e  of which ace ty lene  i s  t h e  p r i n c i p a l  
hydrocarbon constktuent.  These r e s u l t s  are cons is ten t  wi th  t h e  free energy data 
of Wagman, et  a1 (15) and Howard, e t  a1 (16) (Figure 1) which show that at ordin-  
ary temperature t h e  p a r a f f i n i c  and o l e f i n i c  hydrocarbons are mre stable thsn  
acetylene,  b u t  w i t h  increas ing  temperature the free energ ies  of t h e s e  hydrocarbons 
become progress ive ly  more p o s i t i v e  u n t i l  a t  temperatures above 12@C t h e y  are 
less s t a b l e  than acetylene.  I n  gaseous mixtures above 1200°C,  therefore ,  acety-  
lene should be t h e  predominant-species.  Upon cool ing t h e  mixture, however, much 
of t h e  acetylene i s  l o s t  as it becomes more unstable  toward i t s  elements as w e l l  
as t3r:ard o t h e r  hydrocarbons. The fact t h a t  acetylene i s  i d e n t i f i e d  i n  t h e  
cooled gas  mixture, however, i n d i c a t e s  t h a t  t h e  rate of t h e  formation is  g r e a t e r  
than t h e  rate of t h e  decomposition react ions.  From t h e s e  cons iders t ions  it i s  
obvious t h a t  t o  produce appreciable  q u a n t i t i e s  of  ace ty lene  it i s  necessary to  
heat  t h e  reac tor  mixture t o  temperature above 1200% t o  obta in  a mixture r i c h  i n  
ace ty lene  and then t o  quench t h i s  mixture r a p i d l y  i n  order  t o  preserve  as much of 
t h e  ace ty lene  as poss ib le .  Features  of a plasma jet r e a c t o r  which allow t h e  
reac t ion  mixture t o  be heated t o  approximately 2000oC and rap id ly  cooled t o  ambient 
condi t ions i n  a matter o f  mil l iseconds obviously e x h i b i t s  p o t e n t i a l  as a r e a c t o r  
for  t h e  conversion of c o a l  or o t h e r  hydrocarbons t o  acetylene.  

In  t h e s e  

A. APPARATUS 

The work described i n  t h i s  paper  i s  concerned with t h e  formation of 
ace ty lene  through t h e  exposure of  coa l  t o  hydrogen which has  been heated by pass-  
i n g  it through a n  e l e c t r i c  disctiarge. 
s t r a t e d  by previous workers (9, 10, 11) who showed that ace ty lene  could be pm- 
duced by heat ing coa l  i n  an argon p l a s m  jet. It was f u r t h e r  shown t h a t  t h e  
ace ty lene  formetion could be enhanced by including small amounts of hydrogen i n  
t h e  argon stream. Each group of workers, however, was l i m i t e d  t o  hydrogen concen- 
t r a t i o n s  below 30$ by t h e  severe erosion o f  t h e  e l e c t r o d e s  of  t h e  plasma generator  
when operated a t  higher  hydrogen f r a c t i o n s .  

The b a s i s  for t h i s  technique was demon- 
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A t  AVCO it was found t h a t  a plasma genera tor  equipped with a tung- 
s ten- t ipped  cathode and a water-cooled copper anode could b e  operated using pure 
hydrogen gas  without measurable e ros ion  o f  t h e  e lec t rodes .  This u n i t  was there-  
f o r e  adapted t o  a r e a c t o r  chamber which would allow t h e  in t roduct ion  o f  coa l  
d i r e c t l y  i n t o  t h e  plasma jet  followed by immediate cooling t o  room temperature 
i n  a water-cooled chamber and water-cooled exit pipes. A schematic drawing of 
t h e  r eac to r  i s  shown i n  F igure  2. 
when operated with hydrogen i s  754 e f f i c i e n t ,  i.e., 75$ o f  t h e  electric energy 
i s  converted t o  gas  enthalpy. This was determined by measuring t h e  energy ab- 
sorbed by cooling water c i r c u l a t e d  around t h e  e lec t rodes .  
determined t h a t  when opera ted  with argon it was on ly  50 t o  554 e f f i c i e n t .  

The plasma genera tor  i s  a 30 kw unit ,which 

S i m i l i a r l y  it was 

To ob ta in  an  estimate o f  t h e  r eac t ion  temperature and temperature 
p r o f i l e s ,  p rovis ion  f o r  measuring t h e  temperature at twenty fou r  s t a t i o n s  within 
t h e  r eac to r  were made. Tungsten-5$ rhenium tungsten-26$ rhenium thermocouples 
from t h e  nozzle, v iz . ,  3/4", l?' and 1 314 These thermocouples and housings 
provided t h e  c a p a b i l i t y  for  measuring temperatures up t o  5000°F, The m i l l i v o l t  
outpclt of t h e  thennocouples was fed  t o  a mul t ipos t t i on  recorder  so t h a t  t h e  time- 
temperature h i s t o r y  a t  each O f  t h e  t h r e e  v e r t i c a l  p o s i t i o n s  could b e  obtained 
simultaneously. The r a d i a l  temperature d i s t r i b u t i o n  was obtained b y  e igh t  
measurements made a t  $' i n t e r v a l s  f r o m  t h e  c e n t e r l i n e  of t h e  r e a c t o r  a t  each of 
t h e  t h r e e  v e r t i c a l  d i s t ances .  
i n  t h e  r e a c t o r  a t  d i s t ances  of up t o  1 314" f r o m  t h e  nozzle. 
of each curve shown was drawn b y  symmetry t o  t h e  measured r i g h t  s ide .  

i f  . 

Figure 3 shows t h e  measured temperature p r o f i l e  
The lef t  s i d e  

For t h e  ope ra t ing  condi t ions  shown on t h e  f igu re ,  t h e  temperature 
of t h e  hydrogen leaving  t h e  nozz le  was ca lcu la t ed  t o  b e  52OoOF. The measurements 
show t h a t  t h i s  temperature dec l ined  t o  41000F a t  314" from t h e  nozzle and then t o  
24000F at l$' and t o  lgOWF at 1 314". The r a d i a l  temperature d i s t r i b u t i o n  shows 
a steep gradien t  at  t h e  3/4" d i s t ance  but  on ly  a s l ight  g rad ien t  at 1 3/4" as t h e  
j e t  expands as  it progresses away f r o m  t h e  nozzle. 

Temperature measurements w i th  c o a l  feeding  were attempted bu t  
could not be  extended for more than  seve ra l  seconds because t h e  coa l  reac ted  
r ap id ly  with t h e  b e r y l l i a  shea th  and then  wi th  t h e  tungsten-rhenium thermocouples. 
When t h e  coa l  was introduced, t h e  c e n t e r l i n e  temperatures o f  t h e  two f u r t h e s t  
thermocouples, l$' and 13/4" from t h e  nozzle, dropped about 500°F before  t h e  themo-  
couples f a i l e d .  The thermocouples closest t o  t h e  nozzle, however, d id  not record 
a temperature dec l ine  i n d i c a t i n g  that t h e  coal was not  reaching t h e  h o t t e s t  part 
of t h e  je t .  

B 

The coa l  is  fed  t o  t h e  reactor from a 6000 gram hopper by means of 
a screw feed system. 
rate i s  cont ro l led  by a v a r i a b l e  speed motor. 
introduced t o  t h e  coal f eed  l i n e  after t h e  screw feed  t o  act as a carrier gas. 
The coal-hydrogen mixture  is conducted i n t o  a circular manifold from which it is  
i n j e c t e d  i n t o  t h e  plasma through a series of small holes  around t h e  i n s i d e  
diameter,  as i l l u s t r a t e d  i n  F igure  4. 
I25  g/min and 550 g/min are p o s s i b l e  wi th  t h i s  arrangement. 

The speed of t h e  screw feeder  and consequently t h e  coa l  feed 
Hydrogen, t y p i c a l l y  2.4 S m ,  is 

Controlled mal feed  rates of between 

The e f f l u e n t  gases  from the coal-hydrogen r eac t ion  are sampled 
b y  means o f  a probe i n  one of t h e  exit l i nes .  
analyze t h e  co l l ec t ed  gases  , ising a Porapak N column and a flame ion iza t ion  
d e t e c t o r  t o  analyze for t h e  hydrocarbons and a silica g e l  column and a thermal 
conduct iv i ty  de t ec to r  t o  ana1,yze for U2, CO, CO2 ar,d air. 

Gas chromatography i s  then used t o  

I n  s tudying  t h e  f e a s i b i l i t y  of producing ace ty l ene  by subjecting. coal 
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t o  arc heated hydrogen it i s  evident t h a t  t h r e e  c r i t i ca l  parameters must be  
measured: 
required t o  produce a pound of ace ty lene  
t h e  exit gases. 
process va r i ab le s ,  it i s  important t o  des igna te  t h e  opera t ing  condi t ions  a t  which 
t h e  c r i t i c a l  parameters are optimum, i.e., a high y i e l d  and concent ra t ion  and a 
low specific energy requirement (SER). Considering t h e  process, two va r i ab le s ,  
t h e  rate of coa l  feed and t h e  en tha lpy  of t h e  hydrogen from t h e  arc appear t o  be 
o f  primary importance. For t h i s  reason, t h e  t h r e e  parameters, y i e ld ,  concentra- 
t i o n  and SER w e r e  s tud ied  first as a func t ion  of en tha lpy  a t  a cons tan t  Coal feed  
rate and then  as a func t ion  o f  coa l  feed  rate a t  a constant gas  enthalpy. 

1) t h e  y i e l d  of ace ty lene  per pound of coal used 2) t h e  energy 
3 )  t h e  concentration of ace ty l ene  i n  

Because each of these  parameters should b e  dependent on t h e  

I n  t h e  i n i t i a l  runs it was determined t h a t  the conversion process 

The subsequent runs w e r e  t h e r e f o r e  performed under reduced pressure. 
was m o r e  e f f i c i e n t  when t h e  r eac to r  was operated a t  pressures between 0.2 and 0.5 
atmospheres. 
P i t t sbu rgh  Seam C o a l ,  of a -100 + 200 cons i s t  was used i n  a l l  runs i n  t h i s  study. 

effect o f  gas  en tha lpy  and coal feed  rate 
on yie ld ,  concent ra t ion  and SER are shown i n  Figures 5 and 6 .  For t h i s  data, 
y i e l d  is def ined  as pounds of ace ty lene  produced per pound of coal ( inc luding  a sh  
and moisture conten t )  introduced, concent ra t ion  is  t h e  moles of ace ty l ene  per 
mole o f  exit gas  and SER i s  the  k i lowa t t  hours o f  e l e c t r i c i t y  t o  t h e  system ( in -  
cluding losses t o  t h e  e l ec t rodes  and walls) required t o  produce one pound of ace ty-  
lene .  

The results showing t h e  
\ 

111. DISCUSSION 

The genera l  effect of gas entha lpy  on t h e  critical parameters of 
t h e  process  are p red ic t ab le  and cons i s t en t  with t he  results shown i n  Figure 5. 
That is, it would be expected t h a t  t h e  ace ty lene  y i e l d  and concent ra t ion  should 
inc rease  wi th  increas ing  en tha lpy  and t h a t  t h e  S W  should go through a min3mum 
where enough energy is  available t o  convert  t h e  coal t o  ace ty l ene  wi th  a minimum 
of energy being l o s t  i n  t h e  e d t  gases. 

I, 

I n  considering t h e  effect of coa l  feed  rate, i l l u s t x a t e d  i n  
Figure 6, it is p r e d i c t a b l e  t h a t  t h e  y i e l d  should decrease w i t h  i nc reas ing  coal 
f eed  rate. 
average en tha lpy  o f  t h e  coal-gas mixture would decrease. 
would b e  p red ic t ed  t h a t  once t h e  i d e a l  coal feed rate for the fixed gas entha lpy  
of t h e  test was reached, t h e  concentration should reach a maximum and then 
decrease as t h e  average entha lpy  o f  t h e  mixture decreased wi th  inc reas ing  coal feed. 
S i m l l i a r l y  it could b e  p red ic t ed  t h a t  t h e  SER value should go through a minimum as 
a n  inc reas ing  percentage of t h e  energy i s  w e d  as sena ib l e  heat for the add i t iona l  
coal. 
t h e  concent ra t ion  appears t o  a t t a i n  a maxlmum at a coal f e e d  rate of 130 g/min, and 
t o  remain nea r ly  constant t o  f eed  rates of over 250 g/min. The SER values  behave 
i n  a sMliar manner, achieving a low value  of about  7 kwh/lb. a t  130 g. o f  coal/ 
min. and remaining cons tan t  t o  t h e  maximum coal feeds  t e s t e d .  

I It should also b e  expected t h a t  as t h e  coal f eed  was increased  t h e  
U s i n g  t h i s  reasoning it 

, 

These p red ic t ions  are not  subs t an t i a t ed  by the da ta  given in Figure 6 as 

L 

The depar ture  f r o m  t h e  p red ic t ed  behavior as t h e  coal f eed  was 
increased  can b e  explained on t h e  b a s i s  o f  t h e  competing r eac t ions  of forming 
ace ty l ene  a t  high temperatures on one hand and then  allowing it t o  decompose 
before it is e f f e c t i v e l y  quenched. 
amounts of acetylene decompose be fo re  it is  quenched a series of experiments t o  
s tudy  t h e  mte of ace ty l ene  decomposition was performed. 
a gas m i x t u r e  of 64 ace ty lene  and 94$ hydrogen was introduced through t h e  p o r t s  
where t h e  coal i s  normally in jec ted .  The amount of decomposition of t h e  acety- 
l e n e  -6 t hen  determined as 8 function of gas enthalpy. 

To subs t an t i a t e  t h e  premise that appreciable 

I n  t h e s e  experiments 

l 
The r e s u l t s ,  given i n  

i 
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Figure 7, showed t h a t  a t  h igh  gas  enthalpy (4.0 kw/ScFM) as much a s  3& of the 
o r i g i n a l  acetylene decomposed and a t  1.8 kw/SCFM, t h e  en tha lpy  l e v e l  for the  d a t a  
given i n  Figure 6 , 16% of t h e  ace ty lene  decomposed. Extrapolation of t h i s  d a t a  
ind ica t e s  t h a t  a s  t h e  en tha lpy  i s  decreased below 1.8 kw/SCFM b y  t h e  add i t ion  of 
coa l ,  t h e  rate of ace ty l ene  decomposition w i l l  a l s o  decrease.  The p l a t eaus  i n  
t h e  concentration and SER va lues  shown i n  Figure 6 can then be in t ep re t ed  as 
ind ica t ive  of a ba lance  i n  t h e  competing reac t ions  where although less ace ty lene  
is formed because of -  the decrease  i n  average en tha lpy  (caused by t h e  add i t iona l  
c o a l )  l e s s  ace ty lene  i s  decomposed for t h e  same reason. A t  some higher coa l  
feed r a t e ,  t h e  en tha lpy  of t h e  mixture w i l l  f a l l  below'the l e v e l  required t o  
form 8% acetylene and a corresponding decrease i n  t h e  f i n a l  ace ty lene  concentra- 
t i o n  w i l l  be observed. 

Since the e a r l y  work w i t h  t h e  argon plasma coa l  r eac t ions  (9-11) 
Newman and h i s  co-workers (12)  a t  t h e  National Coal Board i n  England have also 
adapted a hydrogen plasma j e t  t o  produce ace ty lene  from coal. The lowest SER 
value reported i n  t h i s  work corresponds t o  about 8.5 kwh/hr and was achieved wi th  
a gas  enthalpy of about 3.0 kw/SCFM a t  a coa l  feed r a t e  o f  160 g/min. 
value i s  apprec iab ly  h ighe r  than t h e  lowest values given i n  Figure 5 and compar- 
i son  of t h e  data sugges ts  t h a t  t h e  experiments a t  t h e  National Coal Board were 
performed a t  excessive gas en tha lp i e s .  I n  add i t ion  it was shown t h a t  t h e  r a d i a l  
coa l  i n j ec to r ,  i l l u s t r a t e d  i n  Figure 4, d i s t r i b u t e d  the coa l  more uniformly and 
consequently more e f f i c i e n t l y  than  a s t r a i g h t  tube i n j e c t o r  apparent ly  s i m i l i a r  
t o  t h e  one used by Newman e t  al .Russian workers (17) a l s o  developed a hydrogen 
plasma j e t  and used it t o  form ace ty lene  from methane. Thei r  SER values, however, 
were two t o  t h r e e  t i m e s  h igher  than  those  reported in  t h i s  paper. 

This SER 

Evaluation of t h e  process as a commercial method of producing a c e t -  
ylene can be based on a recent  s tudy  by t h e  Stone and Webster Engineering Co. (18). 
This study was designed t o  eva lua te  an  a rc -coa l  process  of producing ace ty lene  i n  
which the  coal i s  i n j e c t e d  i n t o  t h e  in t e r - e l ec t rode  region. The same c r i t i c a l  
parameters a r e  important i n  each process and t h e  same mine-mouth operation consid- 
e red  by Stone and Webster can b e  u t i l i z e d  i n  t h e  eva lua t ion  of t h e  a r c  heated 
hydrogen process.  

The cu r ren t  price of ace ty lene  depends on t h e  s i z e  of t h e  cont rac t ,  
t h e  loca t ion  and t h e  process.  For l a rge  con t r ac t s  ace ty lene  c o s t s  about 8#/lb when 
produced by t h e  carb ide  o r  partial  oxidation process.  (19) If w e  select 7#/lb 
as a t a r g e t  cos t  for producing acetylene by t h e  arc heated hydrogen process  w e  
can use t h e  Stone and Webster da t a  f o r  des igna t ing  t h e  combinationof opera t ing  
parameters required t o  make t h e  process v iab le .  Using a conservative p r i c e  f o r  
e l e c t r i c i t y  o f  5.25 m i l s  and considering a 300 mil l ion  pound per year p l a n t  it 
can be  shown t h a t  a process  i n  which the  y i e l d  i s  18$, t h e  concent ra t ion  12$ and 
t h e  SER value 4.5 kwh/lb, o r  a case in  which t h e  y i e l d  w a s  3&, t h e  concentra- 
t i o n  12$ and t h e  SER va lue  5.75 kwh/lb,would meet t h e  t a r g e t  cos t .  These values 
a r e  admittedly based on conserva t ive  data;  
c r e d i t s  were taken f o r  by-products and it was ind ica t ed  t h a t  e l e c t r i c i t y  cos t s  
o f  about 4.0 m i l s  could be negot ia ted  f o r  an ace ty lene  p l a n t  wi th  a load  o f  about 
100 mrr. If reasonable c r e d i t s  are taken f o r  t h e  chemical value of t h e  by-products 
and L.O m i l  power i s  used, a cost reduction o f  about 1.5 cen t s  p e r  pound could be 
r ea l i zed  o r  a process  i n  which t h e  SER value w a s  about 6.5 kwh/lb would be consid- 
e red  v iab le .  

t h a t  is, no c r e d i t s  o the r  than f u e l  

The most promising d i r e c t i o n  f o r  add i t iona l  improvements i n  t h e  process 
would appear t o  be toward u t i l i z i n g  t h e  h ighes t  temperature por t ions  of t h e  plasma 
j e t  to b e t t e r  advantage. As was ind ica t ed  i n  t h e  plasma temperature measurements, 
t h e  coa l  was not reaching t h e  c e n t r a l  po r t ion  of t h e  jet and consequently t h e  
h ighes t  energy gases  were n o t  be ing  u t i l i z e d  i n  t h e  conversion reac t ion .  Better 
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coa l  pene t r a t ion  may be  achieved by feeding a po r t ion  of t h e  c o a l  through a 
hollow cathode o r  by feeding t h e  coa l  counter-current t o  t h e  plasma jet. 

Another method i n  which t h e  r eac t ion  of coa l  with arc heated hydrogen 
could be u t i l i z e d  t o  advantage i s  i n  combination with t h e  p rev ious ly  c i t e d  (6) 
process  i n  which t h e  coa l  i s  in j ec t ed  d i r e c t l y  i n t o  t h e  arc. I n  such a process  
a large por t ion  of t h e  coal i s  v o l a t i l i z e d  i n  t h e  in t e r - e l ec t rode  region and 
t h e  e f f l u e n t  gas mixture cons i s t s  of ace ty lene  and o t h e r  hydrocarbon spec ies  as 
well  as arc heated hydrogen. In j ec t ing  c o a l  i n t o  t h i s  plasma je t ,  as shown i n  
Figure 6, should serve  to react with the arc heated hydrogen to  form a d d i t i o n a l  
acetylene,  as previous ly  shown, and t o  quench t h e  high temperature hydrocarbon 
spec ie s  to preserve  a high percentage of t h e  ace ty lene .  
t h e  t w o  processes would be  analogous t o  t h e  Huels process  (20) i n  which l i q u i d  
hydrocarbons are in j ec t ed  d i r e c t l y  i n t o  t h e  a r c  as w e l l  as downstream of t h e  arc. 
I n i t i a l  tests i n  which t h e  combined processes were t r i e d  wi th  c o a l  i n j e c t i o n  
showed a 10 t o  IS$ increase  i n  the  ace ty lene  concent ra t ion  w i t h  a corresponding 
decrease i n  SER values.  This  
can be t r aced  t o  t h e  a d d i t i o n a l  coal,  added downstream, which appa ren t ly  i s n ' t  
converted t o  ace ty lene  as e f f i c i e n t l y  as t h e  primary c o a l  charge i n j e c t e d  d i r e c t l y  
i n t o  the plasma. 
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from Methane and Ammonia i n  a Microwave Plasma 
K i n e t i c s  of Formation of Hydrogen Cyanide * 

Thorki ld  Juul-Dam and Norman F. Brockmeier 

The Department of Chemical Engineer in  
The U n i v e r s i t y  of Texas,  Aust in ,  Texas,  78712 

The r e a b t i o n  of CH4 w i t h  NH t o  produce HCN was s t u d i e d  a t  A b s t r a c t  
1 0  and 25 t o r r  p r e s s u r e  i n  a microwave p asma. 
r a t e  from 60 t o  1050 cc./min. NTP and t h e  microwave power from 70 t o  500 
Watts produced conversions t o  HCN from 9 t o  78 percent .  A p p l i c a t i o n  of 
t h e  t h e o r y  of d i f f u s i o n  c o n t r o l l e d  d ischarge  o p e r a t i o n  r e s u l t e d  i n  con- 
s t a n t  E/p and average e l e c t r o n  energy a t  a given p r e s s u r e .  Combining 
t h i s  conclus ion  wi th  the  o b s e r v a t i o n  of i n v a r i a n t  s p e c i f i c  power and 
e l e c t r o n  d e n s i t y  j u s t i f i e d  r e p l a c i n g  r e a c t i o n  time w i t h  s p e c i f i c  energy 
i n  the  r a t e  e q u a t i o n s .  Mathematical  models based .on  f i r s t  o r d e r  k i n e t i c s  
were c o n s i s t e n t  w i t h  measured r e a c t i o n  r a t e s  f o r  the d isappearance  of 
CH4 ( k  - 0.036 l i t e r h - h r j  and the  format ion  of HCN (k2  = 0.035 literh-hr) , 
I n t r o d u c t i o n  One u s e f u l  way t o  c l a s s i f y  d i s c h a r g e s  f o r  chemical syn- 
thes i s  is on the b a s i s  of the  temperature  r a t i o  of the  e l e c t r o n s  t o  the 
bulk  gas ,  T /Tg (Spedding, 1969). 
h igh  c u r r e n t  D . C .  a r c  o r  a plasma j e t ,  Te/T 
b u l k  g a s  temperature  is u s u a l l y  of the  ordeg of  10,000"K. 
d i s c h a r g e s ,  such a s  h igh  frequency and microwave d i s c h a r g e s  a t  p r e s s u r e s  
below 0.5 atm.,  Te/T 
g a s  temperature  may eje a s  low a s  300°C (Brockmeier, 1966) .  T h u s  the 
non-thermal d ischarge  provides  a means f o r  g e n e r a t i n g  a s i g n i f i c a n t  
number of high  energy e l e c t r o n s  wi thout  h e a t i n g  the b u l k  g a s  t o  a g r e a t  
e x t e n t .  The purpose of t h e  p r e s e n t  s t u d y  is t o  i n v e s t i g a t e  the  pro- 
d u c t i o n  of  HCN under t h e s e  c o n d i t i o n s .  

The microwave d ischarge  has  some d e f i n i t e  advantages because i t  
prpvides  a h i g h l y  r e a c t i v e  environment a t  r e l a t i v e l y  low temperature .  
Products  that a r e  thermal ly  uns tab le  can be synthes ized .  React ions t h a t  
have a f a v o r a b l e  f ree  energy change, b u t  which normally r e q u i r e  a c a t a -  

I l y s t  o r  h igh  temperature  t o  achieve a reasonable  r a t e ,  should proceed 
i n  a microwave d ischarge .  The absence of meta l  e l e c t r o d e s  a i d s  i n  pre-  
v e n t i n g  contaminat ion and p o s s i b l e  undes i rab le  c a t a l y t i c  e f f e c t s .  

I n v e s t i g a t o r s  have been s tudying  t h e  e f f e c t s  of microwave r a d i a t i o n  
on g a s e s  s i n c e  t h e  first g e n e r a t o r s  became a v a i l a b l e  about  25 y e a r s  ago, 
b u t  i n  a l l  of t h e s e  s t u d i e s ,  except  t h a t  of McCarthy (1954) ,  t h e r e  has 
been v e r y  l i t t l e  e f f o r t  t o  measure t he  e f f e c t s  of power, f low r a t e ,  
temperature ,  and p r e s s u r e  on the r e a c t i o n  r a t e  i n  t h e  microwave plasma. 
Recent ly ,  Cooper, e t  a l .  (1968), have r e p o r t e d  a more comprehensive 
s t u d y  of  the d ischarge  parameters  t h a t  a f f e c t  t h e  chemical y i e l d .  The 
o x i d a t i o n  of C 1  t o  c h l o r i n e  was c o r r e l a t e d  a s  a f u n c t i o n  of  the  quan- 

i a b l e ,  E/p. 

ing: CH4 + NH3 + HCN + 3 H2 m 2 9 8  = +60 k c a l .  

r a i s e d  above 900°C. 
Maak, 1962) .  The recovery  of a s i g n i f i c a n t  amount of HCN a t  the  c o o l e r  
tempera tures  (300-800°C) p r e v a i l i n g  i n  a microwave r e a c t o r  depends 
f i rs t  on g e n e r a t i n g  s u i t a b l e  a c t i v a t e d  p r e c u r s o r s  and second on these 
p r e c u r s o r s  c:mbinin@ a long  a r e a c t i o n  pathway t h a t  l e a d s  t o  HCN con- 
c e n t r a t i o n s  f r o z e n  a t  v a l u e s  g r e a t e r  t h a n  the e q u i l i b r i u m  va lues .  

? Varying the r e a c t a n t  f low 

I, 

I n  thermal  d ischarges ,  such a s  a 
approaches u n i t y ,  and t h e  

I n  non-thermal 

The bulk  may range from about  10 t o  n e a r l y  100. 

t i t y  (power) l  7 */pressure,  which was p r o p o r t i o n a l  t o  t h e  p r o p e r  var -  

The chemical r e a c t i o n  chosen f o r  the p r e s e n t  s t u d y  was t h e  fol low- 

I T h i s  r e a c t i o n  is n o t  thermodynamically f a v o r a b l e  u n t i l  the  temperature  is 
The HCN is uns tab le  below 2000°C (Sherwood and 
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T h i s  chemical  r e a c t i o n  i s  p a r t i c u l a r l y  s u i t a b l e  for s t u d y  i n  a microwave 
r e a c t o r .  Under most c o n d i t i o n s  i n  the o p e r a t i n g  plasma, l a r g e  concen- 
t r a t i o n s  of hydrogen w i l l  be p r e s e n t ,  t h e r e f o r e  the  o p e r a t i o n  can be 
analyzed w i t h i n  the framework O f  t h e  d i f f u s i o n - c o n t r o l l e d  theory .  
The ore  t i c  a 1 A microwave f i e l d  a f f e c t s  on ly  t h e  charged p a r t i c l e s  i n  
the  r e a c t i o n  tube,  and e s s e n t i a l l y  only  the e l e c t r o n s ,  because they  a r e  
s o  much l i g h t e r  than  the i o n s  p r e s e n t .  The Boltzmann t r a n s p o r t  equat ion ,  
which i s  an equat ion  of c o n t i n u i t y ,  r e p r e s e n t s  the  changes i n  the  number 
and d e n s i t y  of e l e c t r o n s  and i s  the  s t a r t i n g  p o i n t  f o r  most t h e o r i e s  of 
microwave d i s c h a r g e s  i n  a gas .  These t h e o r i e s  have been formulated by 
s e v e r a l  i n v e s t i g a t o r s  f o r  b o t h  t h e  i n i t i a l  breakdown and t h e  s teady  s t a t e  
d i s c h a r g e  (Rose and Brown, 1955; Brown, 1959 and 1966; Kontara tos  and 
Demetriades,  1965) .  The s o l u t i o n  t o  the  Boltzmann equat ion  f o r  a s t e a d y  
s t a t e  d i scharge  has  been d iscussed  by Brown (1959, 1966) ,  and an  e x a c t  
s o l u t i o n  can be obta ined  f o r  two l i m i t i n g  c a s e s ,  low and h i g h  e l e c t r o n  
d e n s i t y .  

The c o n d i t i o n s  i n  a n  o p e r a t i n g  d ischarge  d i f f e r  somewhat from the 
c o n d i t i o n s  a t  t h e  i n i t i a l  breakdown. The o p e r a t i n g  d ischarge  has  a 
s i g n i f i c a n t  c o n c e n t r a t i o n  of p o s i t i v e  ions ,  somewhat g r e a t e r  than t h e  
e l e c t r o n  d e n s i t y  because t h e  h e a v i e r  i o n s  d i f f u s e  t o  the  w a l l s  more 
s lowly.  The e l e c t r o n  d e n s i t y ,  n ,  i s  s i g n i f i c a n t l y  g r e a t e r  than  the 
breakdown value because of the e x p o n e n t i a l  growth law f o r  f r e e  e l e c t r o n s .  
The i n t e r a c t i o n  between t h e s e  charged s p e c i e s  g e n e r a t e s  a space charge 
f i e l d  t h a t  enhances the  d i f f u s i v i t y  of t he  p o s i t i v e  i o n s  and decreases  
the  d i f f u s i v i t y  of t h e  e l e c t r o n s .  The e f f e c t  of the space charge f i e l d ,  
ZS, i s  taken i n t o  account  i n  s o l v i n g  the  Boltzmann t r a n s p o r t  equat ion  
b y  superposing Es on the microwave f i e l d :  

A t  microwave f r e q u e n c i e s  the  e f f e c t i v e  f i e l d  f o r  energy t r a n s f e r ,  E=,  
i s  s u b s t i t u t e d  f o r  the  peak f i e l d  i n  e q u a t i o n  (1) 

where ldm i s  the c o l l i s i o n  frequency f o r  momentum t r a n s f e r  and u) i s  t h e  
r a d i a n  frequency of the  f i e l d  (u, = 1.54  x 1010 see-1 a t  2450 MHz). 
The e f f e c t i v e n e s s  of energy  t r a n s f e r  changes markedly a s  t h e  r e l a t i v e  
v a l u e s  of  vm and 0) vary  w i t h  p r e s s u r e .  If equat ions  (1) and ( 2 )  a r e  
used t o  c a l c u l a t e  t he  f i e l d ,  E ,  the  e q u a t i o n  of motion f o r  an e l e c t r o n  
may be so lved  t o  g e t  t h e  s p e c i f i c  power, or power i n p u t  p e r  u n i t  vo l -  
ume of g a s  (Cooper, e t  a l . ,  1968) .  

(1) E = E s + E e  jut  

= vm2/(vm2 + u2) ( 2 )  

P 

2 
E e  

F = ne2E2/(2mvm) ( 3 )  
It has been shown (Brown, 1959; MacDonald, 1966) t h a t  t h r e e  proper  

v a r i a b l e s  a r e  s u f f i c i e n t  t o  d e s c r i b e  breakdown c o n d i t i o n s  i n  e l e c t r i c  
d i s c h a r g e s :  EA, p i ,  and e i t h e r  E/p or pA. The e l e c t r o n  d e n s i t y ,  n, 
x u s t  be added to  t h i s  l i s t  t o  d e s c r i b e  t h e  o p e r a t i n g  d ischarge .  

the  assumption of c o n s t a n t  c o l l i s i o n  frequency ( v m  f f [ u ]  ) t o  o b t a i n  
the  breakdown f i e l d  o v e r  a p r e s s u r e  range from 0.1 t o  100 t o r r .  Fig-  
ure 1 shows the  r e s u l t s  o f  MacDonald and Brown (1949) comparing the  
t h e o r y  w i t h  e x p e r h e n t a l  r e su l t s  f o r  hydrogen a t  2800 MHz. A l s o  on 
the  saKe p l o t  a r e  t h e  c u r v e s  f o r  s t e a d y  o p e r a t i n g  c o n d i t i o n s ,  where 
no i s  the  e l e c t r o n  d e n s i t y  a t  the  c e n t e r l i n e  of t h e  tube .  S i m i l a r  
c u r v e s  have been r e p o r t e d  by o t h e r s  using a i r  (Rose and Brown, 1957) 
and h e l i u m  (Reder and Brown, 1954) .  F igure  1 i n d i c a t e s  t h a t  E/pm10 
for p r e s s u r e s  above IC! t o r r .  Another important  observacion i s  t h a t  
if no > 109 cm-3, E is  p r a c t i c a l l y  c o n s t a n t  a s  no i s  increased .  It 
can be shown (Cooper, e t  a l . ,  1968) t h a t  the average e l e c t r o n  energy,  

The d i f f u s i o n  c o n t r o l l e d  breakdown theory  has  been so lved  us ing  
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U ,  is  determined by E/p, so the  va lue  of u i s  a l s o  s t e a d y  a t  t he  above 
cond i t ions .  Since the  r a t e  of fo rma t ion  of e x c i t e d  s p e c i e s  i s  d e t e r -  
mined by E/p, t he  d i s t r i b u t i o n  of t hese  r e a c t i v e  s p e c i e s  w i l l  a l s o  be 
p r a c t i c a l l y  cons t an t  a t  a g iven  p r e s s u r e  i f  no > 109 cm-3. The e l e c -  
t r o n  d e n s i t y  i n  the  p r e s e n t  system i s  e s t i m a t e d  a s  a t  l e a s t  1O1O cm-3. 

F o r  c e r t a i n  r e a c t o r  and waveguide geometr ies  , and e s p e c i a l l y  
t h a t  used i n  t h i s  work, one e f f e c t  of i n c r e a s i n g  the  i n c i d e n t  power is  
t o  extend the  e l e c t r i c  f i e l d  f a r t h e r  o u t s i d e  the  waveguide i n t o  the  
f lowing gas .  The r eg ion  i n  which t h e  e l e c t r i c  f i e l d  is s t r o n g  enough 
t o  s u s t a i n  a d i scha rge  i s  the  same a s  the  e x t e n t  of t h e  v i s i b l e  glow. 
A t  c o n s t a n t  p re s su re  the  l e n g t h  o r  volume of t he  v i s i b l e  d i scha rge  
may be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  power absorbed i n  t h e  microwave 
r e a c t o r ,  e s p e c i a l l y  a t  low t o  moderate power l e v e l s .  I n  the  l i n e a r  r e -  
g ion ,  t he  r e c i p r o c a l  of t h e  s l o p e  i s  t h e  s p e c i f i c  power, o r  power ab- 
sorbed p e r  u n i t  volume , which is  a c o n s t a n t .  

Equat ion (3)  shows t h e  r e l a t i o n s h i p  between the  s p e c i f i c  power and 
e l e c t r o n  d e n s i t y .  It has been shown above t h a t ,  a t  c o n s t a n t  p re s su re  
i n  the  h igh  e l e c t r o n  d e n s i t y  l i m i t ,  t h e  v a l u e s  of E and vm w i l l  be 
s t e a d y .  The re fo re ,  t h e  e l e c t r o n  d e n s i t y  w i l l  be c o n s t a n t  if the  spec- 
i f i c  power remains c o n s t a n t  ove r  t h i s  range of c o n d i t i o n s .  T h i s  imp l i e s  
t h a t  over  a moderate range of power l e v e l s ,  t h e  r e su l t  of i n c r e a s i n g  
the  power i s  simply t o  l eng then  t h e  microwave r e a c t o r ,  w i thou t  caus ing  
any s i g n i f i c a n t  change i n  t h e  average e l e c t r o n  energy,  t h e  e l e c t r o n  den- 
s i t y ,  o r  t h e  k inds  of r e a c t i o n s  occur r ing .  The longe r  r e a c t i o n  zone 
has t h e  same environment a s  a t  lower powers, and the  c o n t a c t  time i s  
inc reased  p r o p o r t i o n a t e l y  w i t h  the  power. 
Experiment a 1 The appa ra tus  used f o r  t h i s  s tudy  i s  shown schemat i ca l ly  
i n  Figure 2. The microwave power was supp l i ed  by an Eimac PPS-2.5A 
Power Pack a t  a f i x e d  frequency of 2450 MHz us ing  a cont inuous wave 
magnetron w i t h  an ou tpu t  a d j u s t a b l e  between 200 and 2500 w a t t s .  A 
crescent-shaped v a r i a b l e  a t t e n u a t o r  was i n s t a l l e d  i n  the  waveguide t o  
permit ope ra t ion  below 200 w a t t s .  An impedance meter  c o n s i s t i n g  of a 
movable probe i n  a s l o t t e d  waveguide was used t o  measure the  vo l t age  
s t a n d i n g  wave r a t i o  (VSWR). The power i n c i d e n t  on the  r e a c t o r  was de- 
t e c t e d  wi th  a loop-type d i r e c t i o n a l  coup le r  and read on a microwave 
power meter.  The power a c t u a l l y  absorbed i n  the  d i scha rge  r eg ion  w a s  
c a l c u l a t e d  from the  i n c i d e n t  power r ead ing  and t h e  VSWR. A tapered 
waveguide s e c t i o n  wi th  a s l o t  f o r  t he  r e a c t o r  coupled t h e  power i n t o  
the  plasma (Fehsenfe ld ,  e t  a l .  , 1965). 

dense r  w a s  mounted around i t  t o  permit  c o o l i n g  t h e  tube w i t h  a high- 
v e l o c i t y  a i r  stream. A f i t t i n g  i n  the  exhaust  end of t h e  tube was used 
t o  i n s t a l l  a chromel-alumel thermocouple i n  a thin-wal led q u a r t z  s h i e l d  
f o r  those runs i n  which temperatures  were measured. 

Research grade methane and ammonia were used a s  f e e d  g a s e s  wi thou t  
f u r t h e r  p u r i f i c a t i o n .  Each f eed  r a t e  was measured a t  a tmospheric  pres-  
su re  w i t h  a Matheson No. 600 s e r i e s  ro t ame te r .  An evacuated g l a s s  bu lb  
was used t o  o b t a i n  a sample for gas  chromatography us ing  a hydrogen 
flame d e t e c t o r .  I n  a d d i t i o n ,  a condensed sample was ob ta ined  by oper- 
a t i n g  the  t h r e e  toggle  v a l v e s  t o  d i r e c t  t he  product s t ream through a 
: lass t r a p  cooled wi th  l i q u i d  n i t r o g e n .  The condensed p roduc t s  were 
d i s so lved  i n  wa te r  and t i t r a t e d  f o r  cyanide and ammonia. 
Re sul t s Experimental  r e s u l t s  were ob ta ined  ove r  t h e  fo l lowing  ranges 
of o p e r a t i n g  cond i t ions :  gas  p r e s s u r e s  from 10 t o  25 t o r r ,  absorbed 
powers frorx 70 t o  500 w a t t s ,  and gas  feed r a t e s  from 60 t o  1050 cc./min. 
r.easured a t  NTP, t h a t  i s ,  2 1 ° C  and atmospheric  p r e s s u r e .  For most of t h e  
runs ,  t he  feed r a t i o  of methane t o  ammonia was 1 :2 .  The use of t h i s  
feed r a t i o  rendered methane the  l i m i t i n g  component f o r  t h e  formation of 
HCN i n  a l l  of t he  experiments .  The major p roduc t s  from t h e  r e a c t o r  were 
HCN, hydrogen, and n i t r o g e n .  I n  a d d i t i o n ,  t h e r e  was a minor amount of 

The microwave r e a c t o r  was a 1 3  mm. OD q u a r t z  tube .  A L i e b i g  con- 
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a c e t y l e n e ,  and very small q u a n t i t i e s  of e t h a n e ,  e t h y l e n e ,  a n d  o t h e r  
hydrocarbons.  

I n  many s t u d i e s  of r e a c t i o n  k i n e t i c s  i n  e l e c t r i c  d i scha rges ,  the 
s p e c i f i c  energy, U/V, h a s  been used r a t h e r  t han  r e a c t i o n  t ime, t ,  t o  
c o r r e l a t e  t h e  r e s u l t s  ( V a s i l ’ e v ,  e t  a l . ,  1937; Borisova and Eremin, I 

1967). T h i s  has a l s o  been done he re ,  f o r  r easons  exp la ined  i n  t h e  t heo ry  
s e c t i o n  and because c a l c u l a t i o n  of s p e c i f i c  energy from the  measured 
power and feed r a t e s  was more a c c u r a t e  than  c a l c u l a t i o n  of space t ime.  

The r e s u l t s  of chemical a n a l y s e s  a r e  shown i n  the  fo l lowing  f i g u r e s .  
The disappearance of methane fol lowed an appa ren t  f i r s t - o r d e r  k i n e t i c  
e x p r e s s i o n  a t  10 t o r r  F i g u r e  3. The r a t e  cons t an t  f o r  methane decomp- 
o s i t i o n  was 3 .6  x l i t e rs /%-hr .  A t  25 t o r r ,  t he  measured r a t e  con- 
s t a n t  equa l l ed  t h a t  a t  10 torr. 

Figure  4 d e p i c t s  t h e  p roduc t ion  of HCN a s  a f u n c t i o n  of s p e c i f i c  
energy a t  10 t o r r .  A t  low U/V (< 18 W-hr/l) t h i s  f i g u r e  e x h i b i t s  a 
l i n e a r  r e l a t i o n s h i p  w i t h  a n  i n i t i a l  s lope  p r a c t i c a l l y  t h e  same a s  the 
s lope  of the l i n e  i n  F i g u r e  3 f o r  methane decomposition. A t  h ighe r  U/V 
t h e  l i n e  curves,  approaching a s y m p t o t i c a l l y  a value of approximately 
80 p e r c e n t  conversion of methane t o  HCN f o r  a U/V g r e a t e r  than 80 W-hr/l. 
Experiments a t  10 and 25 t o r r  p re s su re  y i e l d e d  e s s e n t i a l l y  the  same 
r e s u l t s ,  j u s t  a s  i n  t h e  case  of t h e  methane decomposition. 

A t  h i g h e r  s p e c i f i c  e n e r g i e s  (> 40 W-hr/l), very  small amounts O f  
an a s  y e t  u n i d e n t i f i e d  d a r k  brown s o l i d  were produced. 

I n  a s e p a r a t e  s e r i e s  of  experiments ,  t h e  a x i a l  temperature  p r o f i l e s  
were measured j u s t  below and part-way i n t o  t h e  exhaus t  end of t he  oper- 
a t i n g  d i scha rge .  A t  10 t o r r ,  the a b s o l u t e  temperature  Inc reased  about  
10 p e r c e n t  a s  t he  power was inc reased  n e a r l y  f o u r f o l d .  The conclusion 
i s  t h a t  l a r g e  v a r i a t i o n s  i n  power cause on ly  minor changes i n  the  temp- 
e r a t u r e  p r o f i l e s  i n  the  d i s c h a r g e .  F o r  each  p r o f i l e ,  t h e  temperature  
n e a r  t he  c e n t e r  of the glowing plasma was 1000°C. The h i g h e r  the  gas  
r a t e ,  t h e  h i g h e r  t h e  temperature  is  a t  the edge of t he  glow: a s  the flow 

e r a t u r e s  were 250, 350, and about 500°C. 

v a l u e s  of s p e c i f i c  ene rgy .  The minhum energy requirement  was 70 
W-hr/gm. of HCN a t  a s p e c i f i c  energy of  4.6 W-hr/l, corresponding t o  
a 17 p e r c e n t  conversion t o  HCN. 
D i s  c u s s  i o n  The c o r r e l a t i o n  of r e s u l t s  by means of a s t r a i g h t  l i n e  
i n  F igu re  3 i n d i c a t e s  t h a t  t h e  decomposition of methane i n  a microwave 
plasma can be desc r ibed  by  a f i r s t - o r d e r  r e a c t i o n  r a t e  e x p r e s s i o n  a t  

Because of t h e  f i r s t  o r d e r  expres s ion ,  no vo lumet r i c  expansion f a c t o r  
i s  r e q u i r e d .  

The decomposition of methane i n  t h e  presence of ammonia i n  a 
microwave plasma l e a d s  t o  t h e  formation of HCN by a s e r i e s  of a t  l e a s t  
two e l emen ta ry  r e a c t i o n s .  I n  a s e r i e s  mechanism, the  formation r a t e  
for t he  product  i s  c o n t r o l l e d  by the  r a t e  of t he  s lowes t  r e a c t i o n  i n  t h e  
s e r i e s .  The HCN w i l l  a l s o  be decomposed by exposure t o  the d i scha rge .  
The s e r i e s  of  r e a c t i o n s  forming HCN w i l l  be summarized by  A --c R and 
the  decomposition of HCN w i l l  be a b b r e v i a t e d  t o  a s i n g l e  r e a c t i o n  
R - S ,  s o  t h a t  

The form of  equa t ion  ( 5 )  i m p l i e s  t h a t  on ly  f i r s t - o r d e r  r e a c t i o n s  a r e  
cons ide red  i n  t h i s  mechanism. The corresponding i n t e g r a t e d  r a t e  ex- 
p r e  s s i o n  be c oKe s 

I 

r a t e  was inc reased  from 60 t o  180 t o  900 cc./min., t he  r e s p e c t i v e  temp- I 

The energy requiremeilt  p e r  gram of  HGN was c a l c u l a t e d  a t  d i f f e r e n t  

10 t o r r :  I n  (1 - XA) = - k l  (U/V) ( 4 )  

A - . R - + S  k2 k 3  (5)  
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where U / v  has  rep laced  t lme, and NA 

curve shown i n  F igure  4. T h i s  model g i v e s  a n e a r l y  s t r a i g h t - l i n e  co r re -  
l a t i o n  a t  low U/V, which begins  t o  curve s i g n i f i c a n t l y  a t  about  30 
W-hr/l a s  t he  HCN begins  t o  r e a c t  t o  a l a r g e  e x t e n t .  However, t h e  HCNy 
is q u i t e  s t a b l e ,  s i n c e  80 pe rcen t  conversion t o  HCN can be achieved ,  
i n d i c a t i n g  t h a t  k3 i s  small. 
f i e d  t o  

The va lues  of k2 and k 3  a t  10 t o r r  were c a l c u l a t e d  by de termining  the  
b e s t  f i t  t o  the  exper imenta l  da t a  i n  F igu re  4. The same procedure was 
used f o r  da t a  a t  25 t o r r .  The r e s u l t s  a r e  shown i n  Table I. 

Table  I 

is the molar  f eed  rate of methane. 
Equation (6) is the  ma themat i c i l  model t h a t  was used t o  gene ra t e  t h e  

If k3 <( k2, equa t ion  (6)  may be s l m p l i -  
N R / N A ~  = [I - exp (-k2U/V)] exp(-k+JjU/V) ( 7 )  

Rate Cons tan ts  C a l c u l a t e d  from Equat ion  (6)  
P r e s s u r e ,  t o r r  E2, l ./W-hr 

io 3.5 x 
25 3.5 x 3.65 10-3 

Since  k3 I s  an o r d e r  of magnitude s m a l l e r  than  k , e q u a t i o n  ( 7 )  is  a n  
a c c u r a t e  approximation t o  t h e  k i n e t i c  model. 
of U/V, t he  exponen t i a l  c o n t a i n i n  
e q u a t i o n  ( 7 )  reduces t o  e q u a t i o n  74), which d e s c r i b e s  t h e  methane de- 
composition. I n  the l i m i t  of ze ro  convers ion ,  a t  ze ro  U/V, t h e  r a t e  of  
format ion  of HCN i s  i d e n t i c a l  t o  the  methane decomposition r a t e .  The 
v a l u e  f o r  k l  c a l c u l a t e d  from Figure  3 a g r e e s  with the  i n i t i a l  s lope  of 
F igu re  4 (k2)  t o  w i t h i n  5 p e r c e n t .  
appears  t o  be the  r a t e - c o n t r o l l i n g  s t e p  i n  the  format ion  of HCN, w i t h  
t he  r e s u l t  t h a t  kg e q u a l s  k l .  T h i s  model i s  c o n s i s t e n t  w i t h  t h e  exper- 
imenta l  r e s u l t s  up t o  about UjU/V = 60 W-hr/l a t  b o t h  10 and 25 t o r r .  

t o  d e s c r i b e  the  r e s u l t s .  
p robably  tend  t o  reform some HCN. 
Nomenclature 
A = methane 
E = e l e c t r i c  f i e l d  s t r e n g t h ,  volts/cm. 
E, = e f f e c t i v e  f i e l d  s t r e n g t h ,  volts/cm. 
Ep = amplitude of e l e c t r i c  f i e l d ,  volts/cm. 
E, = space charge e l e c t r i c  f i e l d ,  volts/cm. 
e = e l e c t r o n i c  charge,  coulomb. 
kl = r a t e  cons t an t  f o r  decomposition of methane, l /w-hr.  
k2 = r a t e  cons t an t  f o r  fo rma t ion  of hydrogen cyanide,  l/w-hr. 
k3 = r a t e  cons t an t  f o r  t he  decomposition of hydrogen cyanide ,  l /w-hr.  
m = e l e c t r o n  mass, gram. 
N = moles of chemical corn ound, moles 
n = e l e c t r o n  d e n s i t y ,  cc- 
Qo = c e n t e r l i n e  e l e c t r o n  density,  cc-1 
P = s p e c i f i c  power, wa t t s / cc .  
p = p r e s s u r e ,  t o r r .  
R = hydrogen cyanide 
S = decomposition p roduc t s  of hydrogen cyanide 
Te = e l e c t r o n  tempera ture ,  OK 

Tg= r e a c t i o n  time, min. 
U = absorbed power, Watts 
u = average  e l e c t r o n  energy  e l e c t r o n  v o l t s  
V = f e e d  r a t e ,  cc/min a t  21'C and 760 mm Hg. 
VSWR = vo l t age  s t a n d i n g  wave r a t i o  
XA = f r a c t i o n a l  conversion of methane A = c h a r a c t e r i s t i c  d i f f u s i o n  l e n g t h ,  cm. 

Noge t h a t  f o r  low va lues  
k3 i s  p r a c t i c a l l y  u n i t y  wherefore 

The re fo re ,  t he  decomposition of methane 

A t  s p e c i f i c  e n e r g i e s  g r e a t e r  than  60 W-hr/l, no model has  been found 
The p roduc t s  from t he  HCN decomposition (S)  

P 

= g a s  tempera ture ,  OK 

I 
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-1 = f r ee  space wavelength,  cm. 

vlli = c o l l i s i o n  f requency  f o r  momentum t r a n s f e r ,  s e c  . 
LU = r a d i a n  frequency of f i e l d ,  s e c - l .  
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FIGURE 2.  SCHEMATIC DIAGRAM OF APPARATUS. 
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